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SECTION  1  -  SUMMARY 


Early  in  1985,  the  lanthanide  sesquioxides  (Ln203)  were  identified  as 
potential  high  tenaperature  transformation  tougheners  alternative  to  zirconia 
(Zr02)-  Their  8-10%  volume  increase  accompanying  the  monoclinic  (B)  to 
cubic  (C)  transformation  suggested  that  they  should  be  more  powerful  than 
Zr02.  In  addition,  the  Ms  temperature  was  raised  up  to  2200°C  indicating 
that,  based  on  thermodynamics  alone,  transformation  toughening  up  to  this 
temperature  should  be  possible.  Hence  a  proposal  was  written  to  the  AFOSR 
with  the  aim  of  transformation  toughening  silicon  carbide  (SiC)  with 
dispersions  of  monoclinic  dysprosia  particles  giving  a  microstructure 
analogous  to  zirconia-toughened-alumina  (ZTA).  ■  ' 

'  ,  i 

The  processing  of  SiC-Dy203  composites  proved  to  be  a  difficult  task, 
essentially  because  of  the  existence  of  a  thin  silica  (Si02)  film  around  the  SiC 
particles.  This  caused  the  formation  of  a  Dy203  +  Si-containing  liquid  which 
surrounded  all  the  SiC  grains  as  an  extensive  interphase.  As  described  more  fully 
in  Section  5,  the  processing  work  was  slow  and  a  range  of  densification 
techniques  were  used,  including 

(i)  hot  pressing  at  2000®C  in  a  graphite  die. 

(ii)  hot  pressing  followed  by  ejection  from  the  hot  zone  to  achieve  faster 
cooling  kinetics. 

(iii)  sintering  in  an  inert  atmosphere  at  2100°C  followed  by  furnace 
quenching. 

(iv)  hipping  at  2000°C  in  Ta  encapsulation. 

Oxygen  getting  additives  of  boron  and  carbon  have  been  used  with  some 
reduction  of  silica  containing  phase  and  improved  retention  of  high 
temperature  B  phase. 

Prolonged  annealing  in  air  at  1500°C  for  50  hr  resulted  in  extensive 
formation  of  unidentified  nha.ses  partimlarly  in  specimens  which  were  hot 
pressed  in  the  graphite  die.  However,  in  the  Ta  encapsulated  hipped 
specimens,  the  microstructure  was  stable  and  unchanged  after  annealing  in 
air.  The  ~5  wt%  Si  present  in  the  Dy203  wetting  phase  after  hipping  was  still 
unchanged  after  annealing,  and  no  new  phases  were  detected  by  XRD.  Prior 
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washing  of  SiC  powders  with  HF  did  have  a  tendency  to  reduce  the  Si  content 
in  the  Dy203  phase.  In  completing  this  work  it  is  proposed  to  investigate 
ways  to  remove  the  Si02  film  and  to  determine  its  effect  in  retarding  the  B  to 
C  transformation,  if  any. 

Thus,  the  work  to  date  gives  a  glimmer  of  hope  that  Dy203  may  still  be 
a  transformation  toughener  of  SiC  matrices  up  to  elevated  temperatures 
(~1850°C).  Important  factors  in  processing  have  been  identified  viz.,  very  fast 
quench  rate  and  total  removal  of  Si02  is  required. 

Meanwhile,  theoretical  crystallography  and  experimental  kinetic 
studies  were  made  of  pure  dysprosia  whose  Ms  temperature  on  cooling  is  1850 
°C  and  on  heating  is  1950  °C.  An  M.S.  thesis  by  Mr.  O.  Sudre  aided  by  Dr. 

K.  Venkatachari  describes  the  theoretical  mechanism  of  the  crystallography  of 
the  A  (hexagonal)  to  B(monoclinic)  to  C  (cubic)  transformation.  The  structure 
changes  are  complex  since  the  X-ray  vmit  cells  contain  large  numbers  of 
formula  units  per  cell,  i.e.  hexagonal  (Z  =  3)  to  monoclinic  (Z  =6)  to  cubic 
(Z  =  16).  The  structural  correspondences  proposed  are  presented  in  Figs,  la,  b. 
A  crystallographic  model  for  the  B  C  shear  mechanism  has  been 
postulated.  From  lattice  parameter  measurements  extrapolated  to  the 
transformation  temperature  (1950°C),  calculations  indicate  that  the  volume 

VmoRo  cooling: 

(i)  at  room  temperature  is  (+)  8.54% 

(ii)  at  1950°C  is  (+)  5.07%. 

This  corresponds  to  a  volume  change  of  2.5  to  3  times  larger  than  in  Zr02, 
with  a  strain  energy  4  times  larger  than  for  Zr02  at  room  temperature.  In 
Zr02,  the  volume  increase  on  transformation  is  3%  at  950°  and  4.9%  at  room 
temperature.  This  may  be  a  reason  for  the  observation  that  the 
transformation  could  not  be  nucleated  at  room  temperature.  At  elevated 
temperatures  the  strain  energy  is  0.294  which  is  still  comparatively  large. 

Experimental  studies  of  dysprosia  have  shown  that,  unlike  in  Zr02, 
cooling  kinetics  play  a  crucial  role  in  retention  of  the  high  temperature 
B  phase  of  Dy203  down  to  room  temperature.  Quench  rates  of  10^°C/sec  have 
been  achieved  by  melting  sintered  bars  of  Dy203  with  a  CO2  laser  and  roller 
quenching  between  two  titanium  rollers.  In  the  TEM  the  microstructure  was 
seen  to  be  fine-grained  and  highly  defected.  Annealing  at  400°-500°C 
removed  many  defects.  Further  annealing  at  600°C  and  above  caused  sudden 


transformation  to  C  phase,  accompanied  by  shattering  or  self  disintegration  of 
flakes.  This  effect  was  recorded  by  hot  stage  high  voltage  transmission 
electron  microscopy  (HVEM  at  the  Argonne  National  Lab.  Tandem  Facility). 
Annealing  of  the  B  phase  flakes  was  carried  out  for  different  times  at  different 
temperatures  and  the  amount  of  C  phase  formed  was  determined  by 
quantitative  x-ray  diffraction.  The  results  were  analyzed  using  the  Avrami 
equation: 


f(t)  =  e-kt"^ 


where  f(t)  =  fraction  of  monoclinic  phase  left  untransformed, 
t  =  time 

n  =  kinetic  law  constant  (order  of  the  transformation) 
k  =  kinetic  constant 

The  constant  k  can  be  related  to  the  activation  energy  Ea  by 
k  =  kQ  e~^a^^^ 

As  seen  in  Fig.  2a,  b,  the  Ea  was  measured  as  396  KJ/mole  below  600°C  and  it 
decreased  to  31  KJ/mole  at  higher  temperatures.  This  suggests  that  a 
reconstructive  mechanism  operates  below  600°C  and  a  displacive  mechanism 
above  it. 

On  another  level,  during  the  course  of  this  work,  several  new 
transformation  tougheners  alternative  to  zirconia  were  identified  and  a 
review  paper  by  Kriven  was  publishedf^). 

As  seen  in  Fig.  3,  there  are  some  close  analogies  between  the 
polymorphic  transformations  in  zirconia  the  lanthanide  sesquioxides  and  in 
Ca2Si04.  In  both  cases  the  monoclinic  phase  appears  as  an  intermediate  phase 
between  two  higher  symmetry  phases,  and  transformation  from  the  monoclinic 
on  cooling  involves  large,  positive  volume  changes.  The  volume  change  in 
Ca2Si04,  (abbreviated  as  C2S)  is  12%,  even  larger  than  in  Dy203.  Although  it  does 
not  offer  the  possibility  of  high  temperature  transformation,  dicalcium  silicate 
expands  the  number  of  matrices  such  as  other  silicates  and  glasses  which  may 
benefit  from  transformation  toughening.  The  polymorphic  transformations  in 
dicalcium  silicate  are  illustrated  in  Fig.  4 
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Fig.  la  The  structural  relationship  between  three,  stacked,  primitive 

subcells  of  tbe  hexagonal  A  phase  and  the  monoclinic  (Z=6)  x- 
ray  cell  of  the  B  phase  lanthanide  sesquioxides. 


Fig.  lb 


The  structural  relationship  between  the  monoclinic,  (Z=6),  ' 
(hatched)  and  cubic  (Z=16)  x-ray  unit  cells  of  the  lanthanide 
sesquioxides. 
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Fig.  3.  Comparison  of  polymorphic  transformations  in  Zr02,  Dy203  and 

Ca2Si04 
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During  the  past  four  y^ars,  collaboration  in  the  form  of  a  shared  Ph.D. 
student  has  taken  place  between  Professor  W.  Kriven  and  J.  F.  Young  who  is 
an  established  authority  in  cement  chemistry.  This  fruitful  interdisciplinary 
interaction  has  yielded  insight  and  background  knowledge  into  the  behavior 
of  dicalcium  silicate  from  the  perspective  of  work  done  in  cement  chemistry 
which  is  relevant  to  potential  transformation  toughening  applications.  The 
findings  were  distilled  into  a  publication  by  Kriven,  Chan  and  Barinek.(2)  in 
particular,  it  was  recognized  that  a  particle  size  effect  operates  in  P-C2S  as  it 
does  in  Zr02.  This  is  the  key  parameter  controlling  crack-tip  stress-induced 
transformations.  Particles  of  C2S  can  be  metastably  retained  in  the  P  phase  by 
dispersion  into  a  constraining  matrix.  Two  theses  on  this  topic  by  C.  }.  Chan 
(Ph.D.)  and  E.  A.  Barinek  (M.S.)  have  recently  been  submitted. 

Composites  of  0  to  30  vol%  P-C2S  in  calcium  zirconate  (CZ)  matrices 
were  fabricated  by  sintering  and  hot  pressing  techniques. ^2)  xhe 
microstructure  consisted  of  irregularly  shaped,  twinned  P-C2S  particles 
intergranularly  dispersed  in  a  CZ  matrix.  The  material  was  analogous  to 
zirconia  toughened  alumina  (ZTA). 

Processing  techniques  have  been  developed  so  that  several  parameters  were 
optimized  simultaneously.  These  included; 

(i)  density 

(ii)  complete  reaction  between  components 

(iii)  optimum  vol%  C2S  addition 

(iv^  cooling  rate 

(v)  critical  particle  size  for  stress-mduced  transformation 

When  the  P-C2S  particle  size  was  too  large,  spontaneous  transformation 
would  occur  on  cooling,  causing  cracking  and  disintegration  of  the  pellet. 
When  the  particle  size  was  too  small,  even  the  roughest  surface  grinding 
ccnild  not  induce  the  P  <->  y  transformation. 

Definition  of  the  critical  particle  size  is  discussed  in  the  paper  by 
Kriven,  Chan  and  Barinek^).  While  in  Zr02  Ihe  "critical  particle  size"  refers 
to  a  Single  crystal  tetragonal  particle  which  transforms  to  a  twinned 
monoclinic  particle,  the  situation  is  rever'^ed  in  the  case  of  C2S.  Here,  the 
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ai.  (3  transformation  produces  twins  (by  a  martensitic  mechanism)  so  that 
the  p  phase  is  twinned  before  transformation  to  y.  In  addition,  rapid 
quenching  through  the  a  — >  an  transformation  at  1425°C  causes  cracking 
across  twins  which  reduces  even  further,  the  critical  volume  for 
transformation  to  within  one  twin.  Thus  an  ambiguity  exists  in  the 
definition  of  the  critical  particle  size  for  transformation  in  the  C2S  system. 
While  SEM  and  TEM  analyses  revealed  a  correlation  between  grain  size  and 
twin  width,  results  suggested  that  the  critical  particle  size  may  be  determined 
bv'; 

(i)  overall  C2S  grain  size 

(ii)  p  twin  thickness 

(iii)  both  twin  thickness  and  twin  length 

Observations  of  polished  surfaces  of  30  vol%  C2S-CZ  composite 
indicated  that  the  stress-induced  transformation  of  P-C2S  particles  could  be 
induced  by  surface  grinding.  Parallel  lamellar  features  in  C2S  particles 
appeared  in  SEM  micrographs  (Fig.  5a).  Corresponding  X-ray  diffractometry 
of  ground  surfaces  indicated  that  the  transformation  to  y  had  occurred  (Fig. 
5b).  A  transformation  zone  of  such  particles  at  the  wake  of  a  crack  emanating 
from  a  Vickers  indent  could  be  identified  by  SEM  (Fig.  6a,  b).  Preliminary 
mechanical  data  by  the  Vickers  indentation  technique  (Fig.  7)  indicated  a  five¬ 
fold  increase  in  toughness  in  10  vol%  C2S  compositions.  Considerable 
improvements  to  this  are  expected  by  optimization  of  composition  and 
particle  size  distribution.  A  patent  disclosure  to  the  University  of  Illinois  of 
these  preliminary  results  has  been  made. 
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Fig.  6  b  SEM  micrograph  of  a  polished  CZ-30  vol%  C2S  composite  in  the 
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magnified  insert  to  the  right  of  the  figure. 
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1.  INTRODUCTION 

The  importance  of  dicalcium  silicate  (Ca2Si04  or  C2S)  has  been 
studied  for  some  time  in  various  fields.  A  diagram  of  its  five 
polymorphic  phases  is  shown  in  Figure  1. 

The  p  form  commonly  occurs  in  Portland  Cement  but  it  must  be 
stabilized  from  undergoing  transformation  to  the  more 
thermodynamically  stable  "Y  phase.  In  the  field  of  cement, 
hydraulicity  is  of  major  concern.  The  study  of  P-dicalcium  silicate 
(an  impure  form  known  as  belite)  is  important  since  less  calcium 
hydroxide  is  formed  on  hydration,  it  has  a  low  heat  of  hydration  and 
helps  to  form  a  strong  matrix. 

It  also  occurs  naturally  as  minerals  known  as  bredigite  (a'- 
Ca2Si04)  lamite  (P-Ca2Si04)  and  an  unnamed  form  (T-Ca2Si04).  In 
addition  dicalcium  silicate  is  of  interest  in  the  refractory  industry,  as 
in  cement  the  phase  transformation  from  P  to  7  is  considered 
deleterious.  In  basic  magnesia  refractories  calcium  is  usually  present 
as  an  impurity,  which  in  the  presence  of  silica  forms  dicalcium 
silicate.  This  reaction  can  occur  in  refractory  bricks  when  in  service 
or  during  production.  Its  formation  may  even  be  promoted  since  C2S 
is  one  of  the  higher  melting  silicates. 

The  p  to  ^  phase  transformation  is  quite  powerful  since  it  is 
accompanied  by  a  12%  volume  expansion.  Until  now  there  was  no 
attempt  to  use  the  energy  of  this  transformation  constructively.  In 
addition  this  large  volume  expansion  makes  it  a  prime  candidate  for 
its  study  as  a  possible  transformation  toughener,  since  the 
transformation  seems  to  be  martensitic  in  nature.  It  has  shown 
positive  results  in  preliminary  studies(l). 


1.1  Background 


There  are  several  ways  of  controlling  a  martensitic 
polymorphic  transformation: 

1)  Chemical  stabilization, 

2)  Particle  size, 

3)  Matrix  constraint. 

Chemical  impurities  added  to  the  system  are  thought  to  act  as 
substitutional  cations  on  the  Ca2+  sites.  The  distortion  of  the 
surrounding  lattice  by  this  substitution  affects  the  rate  and/or  ability 
to  transform  from  the  monoclinic  to  the  orthorhombic  phase. 

The  ability  of  a  particle  to  transform  is  directly  dependent  on 
its  size.  Below  a  critical  cutoff  size  the  particle  will  not  transform  to 
the  Y  phase.  A  "single  crystal”  particle  requires  a  certain  amount  of 
energy  to  overcome  the  transformation  barrier.  The  difficulty  of 
nucleatiig  a  transformation  increases  as  the  particle  size  decreases. 
This  was  shown  specifically  for  CjS  by  Chan(2).  X-ray  diffraction 
showed  that  for  a  decrease  in  particle  size  the  magnitude  of  the  Y 
phase  peak  subsided  while  the  p  phase  peak  appeared  and  then 
increased  in  magnitude. 

Matrix  constraint  is  the  primary  mechanism  used  in 
transformation  toughening.  This  is  an  appropriate  mechanism  since 
the  hydrostatic  constraining  force  exerted  on  the  P  C2S  particle  by  the 
matrix  will  act  in  such  a  way  as  to  alter  the  energy  at  the  particle 
surface  interface.  A  disruption  of  this  stress  field  by  the  associated 
stress-strain  field  of  an  approaching  crack  will  lower  the  interfacial 
energy  and  thereby  allow  the  formation  of  the  equilibrium  Y  phase. 
The  exact  mechanisms  and  crystallographic  details  of  this  process 
have  yet  to  be  worked  out.  The  process  becomes  crystallographically 
complicated  very  quickly.  During  the  a'L<->P  transformation 
crystallographic  twins  form(3).  The  size  and  orientation  of  these 
twins  controls  the  morphology  of  the  P  phase.  This  subsequently 
plays  a  role  in  the  kinetics  of  the  P->Y  structure  change.  During  the 
transformation  the  twinned  P  converts  to  an  untwinned  y  phase.  The 
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FIGURE  1  Polymorphic  transformations  of  dicalcium-silicate,  P  to  T  is  basis  of 
transformatin  toughening  studies. 

*  Powder  X-ray  data  from  Regourd  et  al.  [  1 2) 

For  a'^  phase,  the  single  crystal  studies  on  doped  Ca2Si04  by  Saalfeld 
[13]  and  Udagawa  and  Urabe  [14]  found  that  the  superlattice  is  actually 
along  the  c-axis  and  3  times  that  of  the  basic  cell. 

**  Powder  x-ray  data  from  Udagawa  and  Urabe  [14] 
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twins  could  actually  play  a  key  role  in  the  macroscopic  P->7 
transformation. 

1.2  Project  Objectives 

The  goal  of  this  research  is  to  produce  a  composite  of  C2S  in 
magnesia  which  displays  the  toughening  ability  of  C2S  for  a  relatively 
soft,  low  elastic  modulus  material.  As  shown  by  the  phase  diagram, 

Figure  1.2,  there  are  no  intermediate  compounds  on  the  MgO-C2S  tie 
line.  Their  solid  solubilities  in  one  another  are  low,  and  the  eutectic 
is  at  ISOO^C. 

To  produce  the  maximum  toughening  effect  the  composite  must 
be  fully  dense.  Most  importantly  the  critical  particle  size  of  C2S 
must  be  determined.  Then  for  optimization  of  the  system  the  critical 
volume  percent  of  toughener  must  be  determined.  These  last  two 
effects  may  prove  to  be  interdependent  due  to  interlocking  stress 
fields.  Optimal  firing,  cooling  and  annealing  schedules  need  to  be 
determined  concurrently  with  the  composite  investigations. 

2.  REVIEW 

This  portion  of  the  project  was  started  by  E.  Mast  nineteen 
months  ago.  Much  old  literature,  from  the  late  sixties  and  early 
seventies,  was  found  on  the  study  and  control  of  C2S  in  the  basic 
refractory  industry.  Some  useful  literature  was  also  obtained  from 
the  cement  industry,  although  the  emphasis  in  both  of  these  fields 
was  directed  towards  suppressing  or  eliminating  the  p->Y 
transformation.  When  the  transformation  occurred  it  became  known 
as  "dusting."  Dusting  is  the  phenomenon  where  refractory  bricks 
containing  C2S  were  reduced  to  a  pile  of  "dust"  upon  exiting  the 
furnace.  The  uncontrolled  P->T  transformation  of  the  C2S  could  cause 
the  destruction  of  a  monolithic  brick  into  small  ruble.  If  harnessed, 
this  powerful  mechanism  could  be  used  for  transformation 
toughening,  that  is  if  the  mechanism  is  martensitic. 

Martensitic  transformations  were  first  discovered  in  metals. 

Quenching  of  steels  can  create  the  martensite  structure.  In  fact  this 


FIGURE  1.2  Magnesia-calcia-silica  phase  diagram  showing  magnesia 

dicalcium-silicate  compositional  tie  line  used  in  current  research 
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thermodynamically  unstable  compound  is  one  of  the  keys  to  making 
steel  what  it  is.  Internal  stresses  locked  in  from  quenching  are 
responsible  for  creating  an  energy  barrier  to  the  kinetics  of  the 
transformation.  In  toughening  the  external  energy  applied  to 
overcome  the  free  energy  of  the  transformation  energy  barrier  is 
acquired  from  a  strain  field.  This  specific  type  of  transformation  is 
termed  a  shear  strain-induced  martensitic  transformation.  As 
classified  by  Cohen(4)  the  necessary  and  sufficient  requirements  for 
martensitic  phase  transformations  are; 

a)  displaciveness  of  the  lattice  distortive  type  involving  a 
shear-dominant  shape  change, 

b)  the  transformation  does  not  require  diffusion 

c)  kinetics  and  morphology  during  the  transformation  are 
dominated  by  a  sufficiently  high  shear-strain  energy  in  the 
process. 

For  C2S  to  have  a  martensitic  mechanism  it  must  fulfill  these  three 
criteria. 

For  quite  a  long  time  it  was  thought  that  this  mechanism  could 
not  exist  in  ceramics  due  to  the  increased  crystallographic 
complexity.  This  idea  was  suggested  to  be  false  in  1968  by  King  and 
Yavorsky(5)  and  proven  false  by  others  later.  Zirconia  was  chosen 
for  the  material  of  interest  with  good  reason.  It  is  relatively  simple 
to  understand  crystallographically  and  can  be  controlled  by  chemical 
stabilization.  It  was  a  good  model  system  shown  by  its  current 
commercialization  applications  in  such  materials  as  partially 
stabilized  zirconia  (PSZ),  zirconia  toughened  alumina  (ZTA),  and 
others. 


27 


The  next  logical  steo  in  the  development  of  transformation 
toughening  of  ceramics  is  the  location  of  materials  alternative  to 
zirconia.  This  will  do  at  least  two  things: 

a)  give  a  better  understanding  of  the  atomistic  mechanisms 
involved  in  toughening  materials 

b)  gain  a  further  insight  into  the  possible  uses  of  martensitic 
mechanisms  in  ceramic  systems. 

2.1  Previous  Work 

Some  success  was  seen  in  the  first  year  of  research. 

Specifically  it  was  initially  shown  that  the  system  was  chemically 
compatible,  and  areas  for  further  concentration  were  defined. 
Magnesia  is  not  a  stabilizer  for  C2S.  It  has  minimal  solubility  in  C2S 
and  likewise  for  C2S  in  MgO. 

The  first  task  was  to  find  a  satisfactory  method  for  the 
production  of  dicalcium  silicate  for  the  addition  to  the  magnesia 
matrix.  The  method  settled  upon  used  calcium  carbonate  and  silicic 
acid.  Both  had  good  reactivities. 

The  prepared  C2S  was  attritor  milled  for  various  times  and 
then  added  to  a  matrix  of  magnesia.  This  method  was  tried  first 
since  it  was  the  one  currently  used  by  Barinek'.  It  was  soon  realized 
that  this  method  was  not  suitable  for  my  work.  Although  promising 
results  were  obtained,  the  attritor  mill  produced  a  wide  distribution 
of  C2S  particle  sizes.  These  distributions  were  characterized  by 
sedigraph  techniques.  It  was  shown  that  any  individual  distribution 
could  be  shifted  systematically  by  controlling  the  time  of  attritor 
milling.  These  results  were  reproducible  but  only  within  certain 
limits. 

At  the  optimal  point  of  attritor  milling,  thirteen  to  fourteen 
minutes,  the  pellets  formed  with  this  C2S  transformed 
uncontrollably.  This  was  attributed  to  the  presence  of  a  distribution 
of  C2S  particle  sizes  in  the  matrix.  It  is  thought  that  the  presence  of  a 


few  "large"  p  C2S  grains  which  were  unstable,  induced  a  self 
transformation.  This  is  due  to  the  size  effect  as  mentioned 
previously.  If  these  grains  were  much  larger  than  the  critical 
particle  size  for  the  matrix  they  would  transform  to  the  7  phase 
without  outside  stresses  to  constrain  the  transformation.  The  strain 
induced  into  the  matrix  by  these  transformed  grains  could  in  turn 
induce  the  same  transformation  in  C2S  grains  which  would  have 
normally  been  stable.  As  this  wave  spread  through  the  body  a 
progression  of  P-^7  phase  changes  would  ensue  and  in  time  the  once 
monolithic  piece  would  be  reduced  to  a  pile  of  powder. 

A  second  problem  discovered  in  the  processing  was  a  decrease 
in  the  density  of  the  composite  pellet  as  the  particle  size  of  the  C2S 
decreased.  At  the  point  of  optimal  attritor  mill  time  the  density  of 
the  aggregate  pellet  was  below  ninety  percent.  For  best  results  a 
fully  dense  body  is  desired.  This  is  obvious  since  a  porous  body 
could  not  exert  a  hydrostatic  pressure  on  the  critical  particle  size  p- 
C2S  grains.  A  P-C2S  grain  next  to  a  pore  would  not  be  in  equilibrium 
and  the  associated  nonuniform  stress  field  would  permit  the  P->7 
transformation. 

The  jobs  ahead  were  to  then: 

a)  narrow  the  C2S  particle  size  distribution  range 

b)  alter  powder  processing  to  increase  the  composite  density 

The  former  included  just  trying  to  define  a  particle  size  for 
these  lenticular  particles  with  lath  morphology.  And  to  make 
particle  size  cuts  as  clean  as  possible,  thereby  narrowing  the  particle 
size  distribution  range.  It  was  clear  that  another  method  besides 
attritor  milling  needed  to  be  employed  in  obtaining  the  desired 
distribution. 

The  later  involved  altering  the  surface  chemistry  of  the 
magnesia  used  as  the  matrix  material.  The  raw  magnesia  is  a 
submicron  powder  with  an  associated  high  surface  charge.  This 
electrostatic  type  charge  makes  the  powder  difficult  to  work  with. 
There  are  unlimited  methods  of  approaching  this  problem. 
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2.2  Current  Research 

The  current  state  of  affairs  is  to  take  what  has  been  learned 
front  research  on  the  above  two  problems  and  use  it  to  make  a  dense 
coherent  pellet  containing  C2S  grains  of  critical  particle  size  and  test 
their  toughness.  The  optimal  volume  percent  loading  and  related 
grain  size  of  the  C2S  will  be  determined  next.  The  toughness 
increase  will  be  maximized  in  this  ideal  system. 


3.  EXPERIMENTAL 

3.1  Material  Processing 

Processing  is  one  of  those  things  that  could  go  on  indefinitely. 

It  is  a  rare  situation  when  one  can  no  longer  make  improvements  in 
a  process.  Unfortunately  this  case  is  not  special.  The  method  of 
processing  has  been  changing  and  improving  as  the  project 
progresses. 

3.2  Characterization 

Seveial  methods  were  used  to  analyze  the  powders  and  the 
resulting  composite  pellets.  One  of  the  most  powerful  and  useful  was 
scanning  electron  microscopy  (SEM).  The  morphology  of  the  C2S 
powder  was  continually  checked  and  studied  using  the  SEM.  X-ray 
diffractometry  (XRD)  also  allowed  a  continual  analysis  of  the  phases 
present  during  the  steps  of  processing.  Other  methods  included  the 
sedigraph  for  a  spherical  Stoke's  equivalent  particle  size  analysis.  A 
sonic  sieve  and  an  air  classifier  to  determine  particle  size 
distributions  and  extract  desired  particle  size  cuts. 
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FIGURE  3.3  Mow  chart  showing  processing  used  in  formation  of  dicalcium- 
silicate. 


3.3  Dicalcium  Silicate  Synthesis 


Specifics  on  the  raw  materials  used  are  included  in  Appendix  1. 
Figure  3.3  gives  the  flow  chart  for  C2S  production.  The  new  C2S 
forming  method  is  as  follows: 


i)  mix  calcite  and  silicic  acid  ultrasonically  in  isopropanol  (IPA) 

ii)  evaporate  off  alcohol  on  a  hot  plate  with  stirring  in  a  hood 

iii)  initial  calcination  at  lOOG^C  for  3  hours  in  a  Teresco  furnace 

iv)  mix/grind  with  mortar  and  pestle,  sieve  with  100  micron 
sieve 

v)  press  1"  pellets,  B60A  as  binder,  2500  lbs.  uniaxial  pressure 

vi)  react  at  MSO^C  for  2  hours 

vi  a)  anneal  at  900oC  for  2  hours  (only  used  with  air 
classifying) 

vii)  transformed  powder  ultrasonicated  in  IPA  with  B60A  to 
decrease  fragility 

viii)  stirred/dried  on  a  hotplate  in  a  hood 

ix)  particle  size  separation  of  dried  powder 

3.3.1  Dicalcium  Silicate  Powder  Characterization 

Variables  in  processing  of  the  C2S  were  altered  or  steps  were 
added  as  more  was  learned  about  its  nature.  It  is  a  very  fragile 
material  just  after  forming  composed  of  loosely  joined  bundles  of 
laths  easily  disrupted  by  further  handling.  When  this  happens 
individual  laths  can  be  knocked  off  which  decreases  the  effective 
particle  size.  For  this  reason  steps;  vi  a  to  viii,  were  added  after 
observations  of  how  the  powder  was  acting  during  processing. 
Discussion  of  this  is  below.  Steps;  iv  and  v,  were  added  when  some 
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unreacted  powders  remained  after  processing.  In  this  alternating 
way  of  processing  and  characterization  the  current  method  of 
processing  resulted. 

3.3.2  Polymer  Additions 

A  rough  determination  of  the  amount  of  B60A  required  to  coat 
the  surface  of  a  gram  of  C2S  was  determined  by  a  test  tube  series.  To 
a  rack  of  test  tubes,  each  containing  two  grams  of  C2S  in  IPA, 
different  amounts  of  B60A  acrylic  resin  was  added.  The  C2S  was  as 
prepared  before  size  fraction  separation.  Ultrasonicating  was  used  to 
mix  the  solutions.  After  allowing  the  solutions  to  come  to 
equilibrium  overnight  it  was  determined  that  0.3  mis  of  a  2.5X10- 
5g/ml  solution  per  gram  was  best.  The  solution  with  lowest  bulk 
volume  was  termed  the  best.  This  is  because  a  monolayer  coverage 
of  the  polymer,  without  agglomeration,  will  give  the  best  packing  of 
the  powder.  The  surface  charge  will  be  just  saturated  with  no 
additional  agglomeration  from  additional  polymer.  It  is  hoped,  but 
not  proven  directly,  that  this  polymer,  when  dried  onto  the  surface 
and  in  the  cracks  of  the  C2S,  will  give  added  strength  to  the  particles 
during  further  processing.  The  fragility  of  the  larger  particles  was  of 
a  major  concern  if  they  had  happened  to  have  the  critical  particle 
size. 

3.3.3  Sonic  Sieve 

A  complete  particle  size  analysis  series  was  done  for  several 
different  batches  of  C2S  to  check  the  integrity  of  the  formation 
process.  The  results  showed  relative  consistency  but  gave  a  spread 
on  the  small  particle  size  end  of  the  distribution.  The  tabulated 
results  of  this  series  is  contained  in  Figure  3.3.  From  the  C2S  powder 
collected,  both  polymer  treated  and  untreated,  composite  pellets 
were  formed  containing  15  volume  percent  loading.  Pellets  were 
fired  just  as  the  pure  magnesia  matrix  pellets  were  fired.  The  pellets 
were  not  annealed. 
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There  seemed  to  be  a  difference  in  the  polymer  treated  C2S 
composite  pellets  in  that  they  tended  to  complete  their 
transformations  faster  and  more  completely  than  the  untreated  ones. 
This  was  based  on  empirical  observations.  Nothing  quantitative 
could  be  attained. 

The  pellets  of  -20  +10  micron  size  C2S  transformed  only  at  the 
surface.  Magnesia  has  a  relatively  low  vapor  pressure.  So  one 
possible  explanation  is  MgO  at  the  surface  volatilized  and  left  a  C2S 
enriched  layer  which  initiated  its  own  transformation.  This  surface 
transformation  occurred  within  a  day  after  the  pellet  was  removed 
from  the  furnace  and  kept  in  a  dessicator.  Densities  of  the  green  and 
fired  pellets  were  measured.  Transformation  had  begun  before 
densities  were  taken.  These  pellets  continued  transforming  over  the 
period  of  a  month.  Annealing  should  have  caused  equilibrium  to 
occur,  allowing  full  transformation  even  before  complete  cooling. 
Therefore  the  critical  particle  size  cannot  be  attained  using  sonic 
sifting  since  this  (-20  +10  micron)  is  the  smallest  size  attainable  by 
this  method.  Attention  will  now  be  diverted  to  air  classification  to 
see  if  it  can  offer  a  smaller  narrower  distribution  for  addition  to  the 
composite. 

3.3.3. 1  Sedigraph 

The  sedigraph  uses  X-rays  to  determine  particle  size  and  will 
give  a  Stoke's  equivalent  particle  size  distribution.  This  method  uses 
a  spherical  particle  approximation.  It  will  also  give  a  relative  size 
distribution  of  a  powder.  As  mentioned  previously  it  was  used  to 
determine  the  particle  size  distribution  after  attritor  milling.  This 
will  be  a  useful  method  for  determining  and  given  distribution 
between  two  cuts  from  the  air  classifier. 
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3.3.3.2  XRD 

A  series  of  standards  were  prepared  from  the  sonic  sieve 
fractions  of  both  annealed  and  not  annealed  treated  T  C2S,  and  not 
treated  unannealed  C2S.  A  comparison  between  the  annealed  and 
both  of  the  unannealed,  one  with  B60A  and  one  without  B60A, 
fractions  yielded  an  interesting  result.  The  2©  values  of  2.59  and 
2.80  with  respective  (h  k  l)'s  (041)  and  (040)  gave  a  relative 
intensity  difference.  The  peaks  also  showed  slight  shifts.  This  has 
not  been  studied  further.  A  higher  resolution  machine  with  higher 
precision  needs  to  be  used  in  order  to  quantify  these  effects. 

The  X-raying  of  pellet  surfaces  gives  a  semiquantitative 
analysis  of  the  relative  amounts  of  p  and  Y  phases.  A  controlled 
induced  transformation,  such  as  by  grinding,  can  be  followed  with 
this  method. 

3.3.3.3  SEM 

The  scanning  electron  micrographs  give  the  best  results  to  date. 
They  show  the  progression  in  particle  size  distributions  of  both  the 
sonically  sifted  and  air  classified  C2S.  The  micrographs  are  included 
in  Appendix  2. 

The  morphology  of  the  larger  particles  appears  more  spherical  while 
the  smaller  fractions  appear  more  lath  like. 

Cracks  generated  from  the  powerful  12%  volume  expansion  of 
the  P-Y  transformation  in  C2S  separate  bundles  of  laths.  The  cracks 
extend  along  the  c-axis  direction  parallel  to  the  lath  length.  At  the 
same  time  these  cracks  occur  between  laths  separating  them  into 
bundles.  The  different  methods  of  comminution  increased  the 
cracking  and  proliferated  individual  lath  separation.  These  fragile 
pre-cracked  bundles  are  easily  disrupted  and  split-up  into  small'^r 
bundles  or  single  laths.  This  was  first  noticed  when  sonically  sifted 
C2S  of  a  larger  particle  size  was  ultrasonicated  in  a  solution  of  alcohol. 
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3.3.4  Annealing  Effects 

For  the  full  effect  of  the  transformation  the  pellets  need  to  be 
annealed.  A  temperature  of  900oC  was  chosen  as  the  annealing 
temperature,  this  is  the  temperature  Chan  used.  Annealing  of  the 
final  composite  pellets  assured  a  more  reactive  equilibrium  structure 
for  the  P-C2S.  A  control  of  the  a’L<->p  transformation  at  is 

necessary  to  control  the  twin  characteristics  of  the  P-U2S.  It  is 
thought  that  the  atomic  kinetics  are  fast  enough  at  900oC  to  attain 
the  equilibrium  structure.  This  will  guarantee  the  fastest  p-Y 
transformation  possible  with  no  mechanistic  hindrance  from 
diffusion. 

3.3.5  Air  Classifier 

The  sonic  sieves  did  not  give  satisfactory  results  for  the 
particle  size  required.  The  air  classifier  offers  a  possible  alternative 
which  can  provide  the  extremely  narrow  distributions  required. 

With  the  air  classifier  the  classifying  wheel  speed  and  air 
volume  are  controlled  to  give  a  distinct  cut  point  for  a  material.  One 
feed  jar  and  two  collection  jars  are  employed,  one  collection  jar  for 
the  coarse  fraction  and  one  collection  jar  for  the  fine  fraction.  Tc 
obtain  one  distribution  two  cut  points  are  selected.  This  means  that 
the  selected  material  needs  to  be  run  through  a  minimum  of  twice. 
Particle  size  reduction  is  severe  and  the  resulting  powder  shows 
some  contamination  from  the  process.  The  contamination  has  not 
been  quantified  but  there  is  a  distinctive  color  change  from  the  white 
powder  which  goes  in  and  the  gray  powder  which  is  collected  in  the 
jars.  The  contamination  is  most  severe  on  the  first  run  but  appears 
to  get  only  siightly  worse  with  continued  cutting  of  the  powder. 
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3.4  I-'low  chart  showing  processing  used  in  forinatin  of  coniposire 


3.3.5. 1  Sedigraph 


A  complete  analysis  of  the  particle  size  fractions  obtained  from 
the  air  classifier  at  different  speeds  is  included  in  Appendix  3.  The 
distributions  are  much  narrower  than  those  from  the  attritor  mill, 
they  are  comparable  to  those  of  the  sonic  sifter  but  at  a  smaller 
particle  size.  This  is  exactly  the  type  of  distribution  desired,  the  only 
other  way  to  obtain  these  type  of  cut  sizes  may  be  from  a  wet 
chemical  technique. 

A  graph  showing  the  three  cuts  of  C2S  used  in  the  formation  of 
15  volume  percent  loaded  composites  is  shown  in  Appendix  3. 

3.3.5.2  XRD 

The  air  classified  C2S  powder  was  not  X-rayed  for  phase 
determination  due  to  the  small  amounts  of  powder  obtained  by  this 
method. 

3.4  Composite  Pellet  Formation 

A  flow  chart  giving  the  processing  steps  for  the  formation  of 
the  composite  pellets  is  shown  in  Figure  3.4.  In  obtaining  a  dense 
composite  a  dense  matrix  was  a  prerequisite.  Four  surface  modifiers 
were  tried  with  the  pure  matrix  material  and  processed  analogously 
to  the  composite. 

3.4.1  Effect  of  Polymer/Acid/Base  Additions 

A  series  of  experiments  was  conducted  in  which  two  different 
polymers,  an  acid,  and  a  base  were  individually  added  to  the 
magnesia  matrix  material  and  densities  measured.  Dicalcium  silicate 
was  not  used  in  this  series.  The  amount  of  additive  per  gram  of 
powder  varied.  Accompanying  density  changes  were  tabulated  and 
graphed  in  Appendix  4.  The  order  of  additions  was  randomized  to 
exclude  any  systematic  error.  The  amount  of  uniaxial  pressure 


required  to  obtain  coherent  pellets  dropped  drastically  with  all 
additions. 

The  sub-micron  magnesia  starting  material  was  most  likely 
prepared  in  a  wet  chemical  method  by  precipitation.  Therefore  it  is 
difficult  to  know  whether  it  has  a  positive,  negative,  or  neutral 
surface  charge  which  would  depend  on  the  pH  of  the  solution  from 
which  it  was  formed.  The  surface  charge  must  be  suppressed  to 
allow  for  the  best  particle  packing  in  the  pressing  step  and  therefore 
the  highest  green  density. 

The  base,  acid  and  two  polymers  used  were  respectively 
ammonium  hydroxide,  nitric  acid,  B60A  an  acrylic  resin,  and  B-76  a 
polyvinyl  butyral.  The  amounts  of  each  added  is  included  in 
Appendix  4.  Stock  solutions  of  nitric  acid  and  ammonium  hydroxide 
were  prepared  and  had  calculated  pH’s  of  0.07  and  11.50 
respectively.  The  processing  of  the  magnesia  pellets  was  as  follows: 

i)  add  acid/base  to  approximately  250ml  of  IPA  ultrasonicate 

ii)  add  5.000g  of  MgO  powder  to  ultrasonicating  solution, 
ultrasonicate  at  least  five  minutes  for  mixing 

iii)  evaporate  off  alcohol  on  a  hot  plate  with  stirring  in  a  hood 

iv)  dry  powder  forced  through  100  micron  sieve 

v)  press  V2"  pellets  ...750  lbs.  uniaxial  pressure 

vi)  fire  at  1550oC  in  Teresco  furnace  for  3  hours 

Tables  were  formed  using  Excel  on  the  Macintosh,  the  results 
were  then  plotted  using  Cricketgraph. 

A  trend  was  seen  just  as  in  the  case  of  the  polymers.  For  the 
nitric  acid  there  was  an  initial  increase  up  to  0.30ml  in  the  density 
followed  by  a  decrease,  then  another  gradual  increase  was  seen  for 
further  increases  in  concentration  up  to  about  3.00ml.  For  the 
ammonium  nitrate  the  trend  was  almost  exactly  opposite,  there  was 
a  sharp  decrease  in  density  at  0.30ml.  This  was  followed  by  an 
increase  in  density  up  to  about  1.5  ml  of  base,  then  again  exactly 
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paralleling  the  trends  in  the  acid  there  was  a  gradual  decrease  in 
density  up  to  about  3.00ml  NH4OH.  The  trends  in  the  final  densities 
of  the  acid  and  base  were  opposite  in  nature.  An  explanation  for  this 
behavior  is  just  the  same  as  that  for  the  polymer  system.  Repeating 
from  before,  the  initial  peak  in  the  density  data  arises  from 
fulfillment  of  the  surface  charge  on  the  powder  surface.  After  this 
point  the  second  peak  is  due  to  the  formation  of  agglomerations  or 
floes,  partial  flocculation  is  known  to  increase  the  density  of  a  body 
when  the  floes  reach  a  certain  concentration.  Initially 
agglomerations  decrease  the  density  which  is  what  was  observed. 

But  the  further  increase  in  acid  or  base  brought  about  an  increase  in 
the  floe  concentration  and  thus  density.  This  second  peak  is 
explained  by  the  fact  that  packing  of  a  range  of  particle  sizes  is  more 
efficient  than  the  packing  of  mono-size  spheres.  For  the  processing 
of  the  powders  I  will  stick  to  the  area  of  the  first  peak  where  there 
are  no  agglomerates  to  complicate  things.  By  adding  the  C2S  after  the 
initial  preparation  of  MgO  the  formation  of  floes  of  pure  C2S  could 
probably  be  avoided. 

4.  RESULTS  &  DISCUSSION 

4.1  Sieving  vs  Air  Classifying 

The  smallest  size  fraction  obtainable  with  a  lower  limit  (-20 
+  10  microns)  was  still  too  large  for  a  fifteen  volume  percent  loading 
of  C2S.  The  -10  micron  C2S  particle  size  distribution  was  too  wide 
and  did  not  allow  for  control. 

4.2  Dusting  Properties 

In  the  pellets  where  a  self  induced  transformation  occurred  X- 
ray  analysis  showed  no  detectable  P-C2S  remaining.  This  correlates 
well  with  the  theory.  By  containing  a  particle  size  larger  than  the 
critical  particle  size  the  matrix  could  not  supply  the  restraint 
necessary  to  inhibit  transformation  resulting  in  a  complete  p-Y 
transformation  of  all  the  C2S. 
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The  thermal  stress  relief  anneal  at  125°C  was  added  in  order  to 
allow  for  a  decrease  in  the  C2S  stress  field.  There  is  an  accumulative 
-6.5%  thermal  contraction  from  the  above  transformations.  After 
this  step  was  included  the  pellets  containing  C2S  of  the  critical 
particle  size  dusted  completely.  The  stress  relief  caused  the 
apparent  critical  particle  size  to  increase  slightly.  This  anneal  also 
allowed  for  an  immediate  and  complete  transformation  of  the  pellets 
containing  the  C2S  slightly  greater  than  the  critical  size.  Previously 
the  pellets  transformed  from  the  surface  out  over  a  given  time 
interval  depending  on  the  C2S  particle  size. 

4.3  Densities 

Densities  were  measured  using  the  Archimedes  technique, 
Hexachloro- 1,3-butadiene  (98%)  was  used  as  the  fluid  due  to  its  good 
surface  wetting.  Densities  were  all  above  95%  in  the  composites 
formed  from  the  three  air  classifier  cuts  mentioned  earlier. 

4.4  Microstructures 

The  primary  method  of  microstructure  characterization  at  this 
time  is  by  SEM.  After  bodies  containing  the  critical  particle  size  of 
C2S  have  been  formed  then  work  will  commence  on  the  TEM.  With 
TEM  the  effect  of  twin  size  and  lattice  correspondence  effects  can  be 
better  studied. 

4.4.1  SEM 

Initial  success  can  be  seen  from  the  SEM  micrographs  in 
Appendix  2.  The  morphology  of  the  larger  particles  appears  more 
spherical  while  the  smaller  fractions  appear  more  lath  like.  Particles 
are  well  distributed  within  the  matrix  ,  The  shape  of  the  classified 
C2S  is  maintained  after  densification  of  the  matrix  around  the 
particle.  Any  porosity  present  appears  to  be  near  the  C2S  grains. 
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Surfaces  were  prepared  by: 

a)  Polishing  to  six  microns  with  diamond  paste 

b)  Thermal  etching  immediately  after  polishing  according  to 
the  schedule  in  Appendix  5. 

4.5  Initial  Acoustic  Emission 

Acoustic  emission  is  a  method  which  uses  a  transducer  to 
"listen"  to  events  occurring  in  a  body,  such  as  the  phase 
transformation  of  a  particle  or  the  propagation  of  a  crack.  The 
theory  is  nearly  identical  to  sonar  listening  for  submarines.  Just  as 
the  reader,  when  he  was  young,  probably  listened  to  trains  by 
placing  his  ear  on  the  railroad  track,  the  transformation  of  a  particle 
can  be  heard  by  a  transducer  coupled  to  the  pellet.  If  the  train 
derailed  while  someone  was  listening  he  would  be  able  to  tell  that 
something  different  from  the  normal  had  just  happened.  Likewise 
when  different  events  occur  in  the  sample  there  would  be  a 
difference  in  what  is  "heard."  Three  separate  events  that  were 
recorded  while  a  pellet  was  undergoing  self  induced  transformations 
are  shown  in  Appendix  6. 

4.5.1  Energy  vs.  Frequency  Histogram 

By  collecting  multiple  events  arising  from  a  particular  type  of 
phenomena,  an  energy-frequency  histogram  can  be  produced. 
Statistically  there  will  be  variation  in  the  magnitude  of  a  particular 
type  of  event  due  to  the  mechanics  and  electronics  of  the  detection 
system,  therefore  a  histogram  is  used  to  give  a  representative  energy 
distribution  for  an  event  type. 


4.5.2  Particle  Size  vs.  Transformation  Energy 


Since  the  energy  released  from  the  transformation  of  the 
particle  is  directly  related  to  the  energy  received  by  the  transducer, 
the  transformation  of  a  larger  particle  will  relate  to  a  higher  energy 
signal  being  received  by  the  transducer. 

Several  ideas,  or  questions  related  to  this  area  of  study  now 

arise. 

a)  Is  it  possible  to  obtain  a  particle  size  distribution  determined 
by  the  energy  of  the  transformations? 

b)  Which  particles  actively  contribute  to  the  toughening  effect? 
Which  ones  transform  first? 

c)  Does  the  transformation  of  the  larger  particles  induce  a 
transformation  in  the  smaller  surrounding  particles? 

d)  What  is  the  size  of  the  transformation  zone?  How  many 
particles  does  it  affect? 

By  employing  a  double  transducer  technique  the  location  of  a 
specific  event  can  be  determined. 

4.5.3  Effect  of  Thermal  History 

It  has  been  seen  that  the  rate  of  cooling  through  some  of  the 
upper  transformations  will  have  a  definite  effect  upon  the  p-Y 
transformation.  In  pellets  that  contain  a  C2S  particle  size  just  larger 
that  the  critical  particle  size,  for  that  particular  volume  percent 
loading,  self  induced  transformation  occurs.  The  6.5%  thermal 
shrinkage  of  the  C2S,  if  not  relieved,  will  have  an  effect  on  the 
transformation.  Acoustic  emission  can  be  used  to  monitor  the  effects 
of  this  stress  on  the  transformation.  A  prime  opportunity  is  offered 
here  to  study  the  interrelated  effects  of  a  known  hydrostatic  stress. 


known  particle  size  distribution  and  '  '’ucibility  of  the 
transformation. 

The  rate  of  decay  of  the  body  can  also  be  analyzed  as  the 
transformation  zone  progresses  through  it.  The  matrix  constraint 
stress  relief  due  to  either  the  disruption  of  the  surrounding  uniform 
stress  field  by  the  transformation  of  neighboring  particles  or  directly 
by  exposure  to  the  unconstrained  free  surface  might  initiate  this  self 
induced  transformation. 

4.5.4  Effect  of  Twin's  Presence 

Twins  are  formed  when  the  C2S  undergoes  the  (X’l-P 
transformation.  The  propagation  of  the  transformation  through  the 
twin  structure  is  not  well  understood.  The  use  of  acoustic  emission 
may  be  able  to  help  understand  how  twins  accommodate  this 
transformation  and  how  the  lattice  correspondence  relation  between 
the  b  and  c  axes  occurs.  Do  all  the  twins  "pop"  into  position 
simultaneously  or  is  it  actually  a  multiple  event  with  the  twins 
falling  rapidly  like  dominoes? 

The  monoclinic-orthorhombic  (P-Y)  transformation  in  dicalcium 
silicate  is  unique  from  the  analogous  tetragonal-monoclinic 
transformation  in  zirconia  since  it  enters  the  transformation  already 
twinned.  Whereas  the  zirconia  forms  twins  during  this 
transformation.  It  may  be  possible  to  detect  the  effects  of  the  twins 
on  the  transformation  by  analyzing  differences  in  the  characteristic 
energy,  frequency  or  other  parameter.  Twin  width,  length  and/or 
volume  may  alter  the  characteristics  of  the  transformations  as 
received  by  the  electronic  instrumentation. 

4.5.5  Microcracking 

Since  microcracking  in  addition  to  transformation  toughening  is 
a  contributor  to  toughness  increase  of  a  ceramic  it  would  be 
beneficial  to  find  how  the  two  are  interrelated.  Acoustic  emission 
can  be  used  to  determine  the  link  of  how  a  portion  of  the  energy  of  a 
transformation  can  be  transferred  to  the  initiation  of  a  microcrack. 


These  two  events  should  be  easily  distinguishable  by  their 
characteristic  energy  and  frequency. 

The  stress  of  the  matrix  material  surrounding  a  transforming 
particle  must  be  relieved  in  some  manner.  This  relief  can  be  in  the 
form  of  microcracking  or  the  rapid  expansion  of  microcracks  already 
present  in  the  particle's  associated  stress  field.  The  elastic  modulus 
can  help  determine  the  propensity  of  microcrack  formation. 

It  should  also  be  possible  to  observe  a  transformation  which 
formed  microcracks  to  initiate  further  transformations.  The  multiple 
event  may  occur  at  the  speed  of  sound,  but  it  should  still  be  possible 
to  resolve  the  contributions  of  the  individual  events  from  the 
superimposed  signal  which  is  received. 

5.  CONCLUSIONS  AND  FUTURE  WORK 

A  composite  of  matrix  stabilized  P-C2S  in  magnesia  has  been 
obtained  in  which  the  particle  size  has  been  controlled. 

Firstly  the  toughness  needs  to  be  determined.  Vickers 
indentation  will  be  used  to  measure  the  toughness.  The  toughness 
results  will  be  useful  to  compare  to  the  results  obtained  by  Barinek 
for  C2S  in  calcium  zirconate  (CZ),  Calcium  zirconate  is  a  hard  matrix 
compared  to  magnesia.  A  transformation  zone  will  be  looked  for 
around  the  cracks  initiated  by  the  indenter  using  SEM. 

TEM  will  be  used  to  look  at  the  C2S  grain  interfaces  to  study  the 
effect  and  method  of  constraint  on  both  phases. 

Acoustic  emission  can  be  used  to  help  understand  the 
transformation  insitu.  The  properties  of  the  transformation  can  be 
analysed  while  the  particles  of  C2S  are  completely  constrained  by  the 
matrix  and  a  crack  is  induced. 

Many  parameters  such  as  higher  temperature  transformations 
(those  above  the  (l-Y  transformation),  twin  size,  residual  thermal 
stresses  and  the  effect  of  thermal  cycling  through  the  changing 
lattice  correspondences  affect  control  of  the  p-Y  transformation  in 
C2S. 
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Appendix  1 

Raw  Materials 
& 

Processing  Additives 


48 


MAGNESIUM  OXIDE 


Manufacture  Mallinckrodt 

lot^  6015  KXDL 

chemical  analysis  Ammonium  Hydrate  Ppt...0.02^ 


Barium(Ba) . 0.005% 

Calcium(Ca) . 0.05% 

Heavy  Metals  (as  Pb) . 0.003% 

Insoluble  in  HCl . 0.02% 

Iron  (Fe) . 0.0  1  % 

Loss  on  Ignition . 2.0% 

Manganese(Mn) . 0.0005% 

Nitrate  (N03) . 0.005% 

Potassium  (K) . 0.005% 

Sodium  (Na) . 0.5% 

Soluble  in  Water . 0.4% 

Strontium  (Sr) . 0.005% 


Sulfate&.Sulphite(as  S04)0.02% 
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CALCIUM  CARBONATE 

Manufacture  FISHER  SIENTIFIC 

lot  ^  874601 

chemical  analysis  Sodium  (Na) . 0.03^ 

Strontium(Sr) . 0.02^ 

Insoluble  in  dilute 

Hydrochloric  Acid . 0.002^ 

Water-Soluble  Titration 

Base . 0.0004meq/g 

Chloride  (Cl) .  0.0005^ 

Oxidizing  Substances 

(as  N03) .  0.0055S 

Sulphate  (S04) .  0.008^ 

Ammonium  (NH4) .  0.003^ 

Barium  (Ba) . 0.00  1  % 

Heavy  Metals  (as  Pb)....  0.0002% 

Iron  (Fe) .  0.0005% 

Magnesium  (Mg) . 0.01% 

Ammonium  Hydroxide  ppt  0.01% 

Potassium  (K) .  0.002% 

Flouride  (F) .  0.0006% 


Manufacture 


Malllnckrodt 


lot  ^ 
chemical 


2847  KMND 

analysis  Chloride  (Cl) . <0.01^ 

Heavy  Metals  (as  Pb)..  <0.002% 

Iron  (Fe) .  0.0008% 

Nonvolatile  with  HF . 0.04% 

Loss  on  Drying .  6% 

Loss  on  Ignition .  1  1 .5% 
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RHOPLEX 


Manufacture 
lot  ^ 

Grade 

Code 

Chemical  Analysis 


Rohm  and  Haas 
339044 
B-60A 
6-5159 
Acrylic  Resin 


52 


POLVVINVL  BUTVRAL 


Manufacturer  Monsanto 

lot  ^  2929,Bulvar  B-76 
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Appendix  2 

SEM  Micrographs 
of 

Dicalcium  Silicate  Powder 
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Figure  1  SEM  micrograph  of  sieved  -30  +20p,m  Ca2Si04  particles  after 

ultrasonication  in  isopropyl  alcohol  with  "optimal"  B60A..  Shows 
uniformity  of  particle  size  and  morphology. 


SEM  micrograph  of  sieved  -20  +10mm  Ca2Si04  particles  after 
Itrasonication  in  isopropyl  alcohol  with  "optimal"  B60A.  Show 
niformity  of  particle  size  and  morphology.  Note  exposed  lath 
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Figure  3  SEM  micrograph  of  sieved  -20  +10iim  Ca2Si04  particle  after 

ultrasonication  in  isopropyl  alcohol  with  optimal  B60A.  Severe 
cracking  shows  result  of  12%  volume  expansion.  Cracks  extend  along 
the  c-axis  parallel  to  lath  length. 
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Figure  4  SEM  micrograph  of  sieved  -10pm  Ca2Si04  particles  annealed  at  900^0 
for  two  hours.  Ultrasonicated  in  isopropyl  alcohol  with  "optimal"  B60A. 
Breaking  up  of  lath  bundles  leaves  particles  with  exagerated  lath 
structure. 
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Air  Classifier 
Calibration  Curve 
and  Results 


CLASSIFIER  WHEEL  SPEED  (tpm) 


CUMULATIVE  MASS  PERCENT 


SEDIGRAPH  ANALYSIS  OF  AIR  CLASSIFIER  DATA 
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Matrix  Densification 
Surface  Modifier 
Results 


NH40H  DENSITY  DATA 


T - ' - 1 - ' - r 

1  2  3 

ml  NH40H 


T 
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HN03  DENSITY  DATA 


Density 


Polymer  B60A  Density  Data 


Appendix  5 
Furnace  Schedules 
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Appendix  6 

SEM  Micrographs 
of 

Composite  Microstructures 
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Figure  7  SEM  micrograph  of  15%  (volume)  Ca2Si04-magnesia  pellet  surface. 

Air  classified  Ca2Si04,  8000-10,000  rpm  fraciion.  Fired  at  1600^0  for 
three  hours.  Polished  to  6pm  then  thermally  etched  one  hour  at 
1400OC.  Both  types  of  Ca2Si04  grains  (lighter  grains)  those  with  and 
without  structure  shown. 


micrograph  of  15%  (volume)  Ca2Si04-magnesia  p 
assified  Ca2Si04,  8000-10,000  rpm  fraction.  Fired 
lours.  Polished  to  6p.m  then  thermally  etched  on 
C.  CaoSiOa  structure  easily  discernable  in  this  gr 
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Fif^ure  9  SEM  micrograph  of  15%  (volume)  Ca2Si04-magnesia  pellet  surface. 

Air  classified  Ca2Si04,  8000-10,000  rpm  fraction.  Fired  at  1 600^0  for 
three  hours.  Polished  to  6pm  then  thermally  etched  one  hour  at 
1350OC. 
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I’igurelO  SEM  micrograph  of  15%  (volume)  Ca2Si04-magnesia  pellet  surface. 

Air  classified  Ca2Si04,  8000-10,000  rpm  fraction.  Fired  at  IGOO^C  for 
three  hours.  Polished  to  6pm  then  thermally  etched  one  hour  at 
1350OC.  Image  of  dot  map  region. 
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Figurell  SEM  micrograph  of  15%  (volume)  Ca2Si04-magnesia  pellet  surface. 

Air  classified  Ca2Si04,  8000-10,000  rpm  fraction.  Fired  at  1600”C  for 
three  hours.  Polished  to  6ixm  then  thermally  etched  one  hour  at 
1350OC.  Left  grain  shows  only  partial  structuring,  compared  to  the 
right  grain. 
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Appendix  7 

Acoustic  Emission 
Curves 
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TIME  <usGc) 
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PROCESSING  AND  MICROSTRUCTURE  OF  DYSPROSIA 
IN  SILICON  CARBIDE  MATRIX  COMPOSITES 


Annual  Report 


April  30th,  1989 


S.  Kim  and  W.  M.  Kriven 


The  high  transformation  temperature  of  dysprosia,  coupled  with  its 
thermodynamic  stability  and  low  volatility  at  high  temperatures  suggests  a 
high  temperature  transformation  toughening  agent  in  a  suitable  matrix. 
Several  processing  methods  had  been  studied  in  order  to  disperse 
monoclinic  (B)  Dy203  into  SiC  matrix.  This  is  intended  to  be  an  analogue  to 
zirconia- toughened  alumina  in  which  15  vol%  of  tetragonal  zirconia 
particles  are  metastably  dispersed  in  polycrystalline  alumina. 

The  objectives  of  this  research  are  to  form  a  dense  SiC  --  B-  Dy203 
composites  by  optimizing  processing  variables  and  to  understand  the  C  <->  B 
transformation  of  Dy203  during  densification  and  subsequent  heat 
treatments  and  characterize  the  microstructure  of  SiC-  Dy203  composite 
system. 

Oxygen  impurity  is  always  present  in  SiC  powders  as  thin  surface 
oxide  film.  In  SiC  -  Dy203  system,  oxygen  reduces  the  amount  of  free 
dysprosia  at  densification  temperature  and  increases  the  amount  of  liquid 
phase.  For  SiC  - 15  vol%  Dy203  system,  estimated  equilibrium  phases 
present  at  densification  temperature  (2000  C)  are  94.6  m/o  free  SiC  (solid), 

1 .7  m/o  free  Dy203(solid),  and  3.7  m/o  Dy203  -  Si02  liquid  which  has  a 
composition  of  78  m/o  Dy203  -t-  22  m/o  Si02. 

Processing  variables  include  densification  methods  (hot  pressing,  hot 
ejection,  hot  isostatic  pressing  and  pressureless  sintering),  additives 
(carbon  and  boron),  cooling  rate  (quenching)  and  annealing  treatments 
after  densification. 

Hot  pressing  was  conducted  at  2000  C  using  graphite  as  die  and 
punch  material.  Hot  isostatic  pressing  was  done  at  2000  C  using  tantalum 
metal  encapsulation.  The  cooling  rate  was  ~  53  C/min.  Pressureless 
sintering/quenching  was  conducted  at  2050  C  in  argon  gas  (50.5  KPa).  At 
the  end  of  the  hold  time,  the  power  of  the  heating  element  was  turned  off  in 
order  to  get  the  highest  cooling  rate.  Temperature  dropped  by  200  C  in  10 
seconds. 

Table  1  lists  the  dysprosia  phases  and  density  of  the  composite  after 
densification.  Hot  pressing  or  hipping  (group  1)  produced  composites  with 
C-dysprosia  rather  than  B-dysprosia. Carbon  and  boron  additions  (group  2) 
help  to  get  some  dysprosia  in  the  B-phase  but  the  composites  still  have  C- 
dysprosia.  Hot  ejection  (group  3)  also  could  not  retain  the  B-dysprosia, 


which  suggests  that  the  cooling  rate  was  not  high  enough  to  retain  the  B- 
dysprosia. 
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Table  1 .  DV2O2  Polymorphs  and  Density  of  SiC  -  DvgO^  Composites. 


Material  Densification/Heat  Treatment  Dv^O^  %TD 

Group  1 :  No  additives 


al5D* 

HP  (2000C,  28MPa,  20min) 

C 

88.4 

pl5D 

HP  (2000C,  28MPa,  20min) 

C 

88.6 

pl5D 

HIP  (2000C,  186MPa,  Ihr) 

C  +  B(tr) 

98.1 

p30D 

HIP  (2000C,  186MPa,  Ihr) 

C 

92.2 

Group  2  :  C  and  B  additives 

aSODlClB 

HIP  (2000C,  186MPa,  Ihr) 

B-«-C 

99.9 

P30D1C1B 

HIP  (2000C,  186MPa,  Ihr) 

C-t-B 

94.1 

alOD2ClB 

sinter-quench  (2050C,  20min) 

B 

60.3 

Group  3:  Hot  Elected  (HE) 

alODlClB 

HE  (2050C,  28MPa,  20min) 

B-i-C 

97.5 

alOD 

HE  (2050C,  28MPa,  20min) 

C 

93.6 

Group  4  :HE  Followed  bv  Heat  and  Quenching  Treatments 

alODlClB  HE-quenching  from  2050  C  B 

alOD  HE-quenching  from  2050  C  B 

*  a=a-SiC,  P=p-SiC,  15D=15vol%  Dy203,  lC=lwt%  C,  lB=lwt%B 
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Heat  and  quenching  treatment  of  hot  ejected  materials  (group  4)  was 
conducted  by  rapidly  heating  to  2050  C,  lOmin  hold  and  quenching  by 
turning  off  the  power  of  heating  element.  Temperature  dropped  by  200  C  in 
10  seconds.  Note  that  heat  and  quenching  treatments  could  retain  all  the 
dysprosia  in  the  B-phase,  indicating  that  quenching  is  effective  in 
retaining  the  B-dysprosia  at  room  temperature. 

Table  2.  lists  the  comparison  of  d-spacings  and  relative  intensities 
between  pure  B-dysprosia  obtained  by  plasma  spraying  of  dysprosia  on 
aluminum  substrate  and  B-dysprosia  in  SiC-  Dy203  composites.  The 
comparison  shows  a  fairly  good  agreements  in  d-spacings  with  some 
differences  in  relative  intensities.  Bright  field  TEM  micrographs  of  hot 
ejected  alOD  material  is  shown  in  Fig  1.  The  dysprosia  grain  wets  SiC 
grain,  suggesting  that  they  formed  a  liquid  phase  during  densification. 
Small  crystallites  were  observed  in  dysprosia  grain,  the  EDS  analysis  of 
which  showed  Si  peak  only,  suggesting  either  SiC  or  Si02.  Fig  2.  shows 
SEM  micrographs  of  hipped  pl5D  material. 

Table  2.  Comparison  of  d-snacings  and  relative  intensities. 


Pure  B-  Dv^O^ 
Plasma  Sprayed 

B-  DV2O3  in  SiC 
al  OD-HE-Quenched 

d-spacing  (A) 

Intensity 

d-spacing  (A) 

Intensity 

3.116 

84 

3.118 

92 

3.000 

38 

3.062 

43 

2.937 

72 

— 

2.837 

40 

2.841 

43 

2.788 

73 

2.757 

100 

2.72 

100 

2.716 

59 

84 


Fig.2  SEM  micrograph  of  as-hipped  pi5D-HIP. 
(a)2KX  (b)22KX 
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Annealing  heat  treatments 

In  order  to  find  the  effect  of  long  term,  high  temperature  annealing 
on  the  phase  stability  and  microstructure  of  SiC-  Dy203  composites, 
annealing  heat  treatments  were  conducted  by  heating  at  1500  C  for  50 
hours.  Some  materials  were  also  annealed  at  1250  C.  Static  air  and  flowing 
argon  gas  atmosphere  were  used  as  annealing  environments.  As  shown  in 
Fig.  3,  hot  pressed  or  hot  ejected  materials  annealed  at  1500  C  produced 
large  amount  of  unknown  phases  (labeled  X)  on  sample  surfaces  both  in 
static  air  and  in  argon  gas.  The  polished  surface  of  hot  ejected  materials 
annealed  at  1250  C  in  air  did  not  show  unknown  phase  (Fig.  4).  In  contrast 
to  hot  pressed  materials.  X-ray  diffraction  patterns  of  hipped  materials 
(Fig.5)  did  not  produce  any  unknown  phase  on  annealing.  This  is  due  to 
the  use  of  tantalum  encapsulation  which  isolates  the  material  from  the 
environments.  Annealing  at  1500  C  in  air  seems  to  produce  B-dysprosia. 
Table  3.  compares  the  d-spacings  for  pure  B-dysprosia  obtained  by  plasma 
spraying  and  dysprosia  in  SiC  matrix  after  annealing  in  air.  The  relative 
intensities  are  different  from  each  other.  Bright  field  TEM  micrographs  of 
air  annealed  pl5D-hip  material  is  shown  in  Fig.  6.  The  microstructure  of 
air  annealed  materials  are  similar  to  that  of  as-hipped  material. 


Table  3.  Comparison  of  d-soacings  and  relative  intensities. 

Pure  B-  Dv^O^  B-Dv^Og  in  SiC 

Plasma  Sprayed  pi5D-HIP-Air  Annealed 


d-spacing  (A) 

Intensity 

d-spacing  (A) 

Intensity 

3.116 

SA 

3.081 

100 

3.000 

38 

... 

2.937 

72 

2.933 

43 

2.837 

40 

2.850,  2.840 

16 

2.788 

73 

2.790 

6 

2.72 

100 

2.748 

4 

Fig.4  X-Ray  diffraction  patterns  of  alODlC-HE  after  annealing  at  1250  C 
for  50  hr  in  air 
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Fig.5  X-ray  difTraction  patterns  of  (JISD-HIP  after  annealing  heat 

treatment  at  1500  C.  (a)  air-annealed  surface  (b)interior  region 
of  air-annealed  specimen.  (c)a3-hipped  (before  annealing) 
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Because  the  presence  of  Si  in  dysprosia  may  affect  the 
transformation  behavior  of  dysprosia,  TEM/EDS  was  taken  in  order  to 
determine  the  Si  content  in  dysprosia  grain.  Fig.  7  and  8  show  the  EDS  plots 
for  as-hipped  and  annealed  materials,  respectively,  indicating  the  presence 
of  Si  in  dysprosia  grains.  Several  measurements  were  made  on  different 
dysprosia  grains  and  the  average  Si  content  is  listed  in  Table  4.  Little 
difference  in  Si  content  is  observed  after  annealing  treatments. 


Table  4.  Average  Si  content  in  Dv^O^  grain  in  binned  specimens. 

(Dy  +  Si=100%) 

Material  Average  Si  Content  (at%) 

pl5D-As  Hipped  5.1% 

pi  5D-HIP-Air  Annealed  6.6% 


CONCLUSIONS 

1.  A  dense  SiC-  Dy203  composite  containing  predominantly  B-phase  of 
Dy203  could  be  obtained. 

2.  Quenching  was  effective  for  retaining  the  B-phase  of  Dy203. 

3.  Chemical  problems  occurred  with  hot  pressed  or  liot  ejected  sample 
surfaces  after  annealing  at  1500C. 

4.  No  new  phases  appeared  in  Ta  encapsulated,  hipped  samples  on 
annealing. 

5.  Long  term  high  temperature  annealing  had  little  effect  on  the  Si 
content  in  Dy203  grain. 
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TE2VI/EDS  plot  of  dysproeia  grain  in  pl5D-HIP  (as-hipped) 


FUTURE  WORK 


1 .  Quenching  treatment  of  hipped  composites  to  optimize  B-Phase 
content. 

2.  Prior  hydrofluoric  acid  treatment  of  SiC  powders  to  remove  oxygen 
impurity. 

3.  Identify  small  Si  containing  precipitates  in  dysprosia  gp'ains. 

4.  Evaluate  B  -♦  C  transformation  and  mechanical  properties. 
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Several  new  potential  alternative  transformation  tougheners 
to  zirconia  have  been  identified  on  the  basis  of  crystal¬ 
lographic  considerations  and  experimental  observations.  Ex¬ 
amples  can  he  found  in  ceramics,  minerals,  and  components 
of  glass  and  of  cement.  The  displacive  transformations  exhibit 
martensitic  characteristics  of  dusting  or  self-disintegration, 
and  a  critical  particle  size  effect  operates.  Large  positive  vol¬ 
ume  changes  (^12‘r )  accompany  the  transformations  on 
cooling,  in  the  lanthanide  sesquioxides  lLniO.,l.  dicalciuin 
silicate  (Ca.SiOj).  and  nickel  sulfide  (NiS).  High  ,Vf^  tem¬ 
peratures  (S2()00°C)  in  the  Ln,0,  compounds  also  suggest 
the  possibility  of  high-temperature  transformation  toughen¬ 
ing.  Detrimental  negative  volume  changes  are  seen  in  com¬ 
posites  with  enstatite  (MgO  '  SiO,)  and  the  lanthanide  borates 
(LnBO,).  The  relative  effects  of  volume  change.  X-ray  unit- 
cell  shape  change,  and  the  (martensitic)  macroscopic  shape 
change  on  the  mechanical  properties  of  a  composite  ceramic 
can  thus  be  investigated. 

1.  Introduction 

Til)  ciintmllcd  application  of  the  tetragonal  (/I  —  iiionoclinie 
Inn  translormation  in  zirconia  iZrOn  to  toughen  a  ceramic 
matriN  has  been  cMensiccly  investigated,  both  scientit'ically  and 
technologically.  N'arious  types  of  transformation-toughened 
materials  have  been  developed.'  In  large-grained,  partially  sta¬ 
bilized  /r().  (PS/,),  tetragonal  solid-solution  particles  arc  crystal- 
lographicallv  precipitated  from  a  euhic  matrix.  .A  fine-grained 
material,  e  g,  alumina,  can  be  toughened  by  dispersions  of  ran- 
doml\  oriented,  intergranular,  irregularly  shapetl  ZrO-  particles 
iZr.-\i  fhe  .ALO  -  ZrO;  sxsiem  is  perhaps  the  most  important 
nt  manv  examples  to  tiate  of  a  variels  ol  nor.-zireom.i  matrix 
iiialeri.ils  toughened  by  /rO-  additions.  In  tetragon.il  zirconia  pol\- 
crx'laiimc  i/.TI’i  materials.  \er\  fine  grained  Y  ().-  /r()-  solid- 
solution  particles  .ict  as  their  o\, n  m.itrix. 


M,.-iii-v.  r:;'i  ncicHur  IMS’,  .ipputxi-il  '.  1‘>XS 

Pt-. 'c  iiic.,i  III  (Ml.  ,ii  liic  '''^lii  \iriii,il  Mvciin-j  I’l  Itiu  Nmcn  .iii  ('i-r.inik  .SivicMn. 
rfn^.i.m  /I  I  '  fP(s(.  Sekrisc-  l^ntsk'k.  I’.ipur  N.-  pre 

-c'Kc'v!  i:i  (Mti  it  rhe-  \tl’..iiKo>l  (  cr.iiiuv'  II  I  ckiurc  l«‘K\n  InNtiliilc  t»t 

^  .fiii'tis  I.ijx.iii  Scpu-iny'o! 

Su['pi  >1  kti  '<■.  ihc  I  S  \ir  nttki.-  "f  Sv  k'liiitic  Ku'si'.ifv  li  iiDtlcr  Cnnir.ul 

M  nsR  ''  'i:  i: 

’\1.  -iP-i.-f  Pi'.  \'i  :  1.  .in  (  iT.iMii.  Si  >v  u-t . 


/.irconia  has  the  following  polymorphs  ICN  is  coordination 
number)  under  ambient  pressures:' 


melt 


II 

(  S  /l '  << 


Iro  c 


III 

;TutniH.linu 

CS  ' 


The  I  — •  III  transformation  is  considered  to  be  martensitic  in 
the  bulk.  It  is  accompanied  by  a  volume  increase  of  .Kr  at  9.‘'0T 
to  4.9''f  at  room  temperature.  The  transformation  is  notorious  for 
causing  unstabilized  zirconia  to  shatter.  The  faetors  determining 
the  stability  of  t-ZrO;  particles  ct'nfined  in  ceramic  matrices  arc 
considered  to  be  the  matrix  constraint,  chemical  composition, 
and  the  transformatii'nal  nuelealion  barrier  which  is  a  function  of 
ZrO;  particle  size.  The  mechanical  properties  of  ZrO;  compos¬ 
ites.  such  as  toughness  and  thermal  shock  resistance,  are  signifi¬ 
cantly  improved.  Fracture  of  the  material  is  retarded  when  the 
stress  field  of  a  moving  crack  tip  nucleates  the  r  — »  in  transforma¬ 
tion  in  ZrO;  particles  in  a  zone  around  the  crack.  As  the  crack 
propagates,  the  transformation  zone  tor  wake),  at  its  edges,  ab¬ 
sorbs  its  energy  and  constrains  it  (Fig.  1 1. 


Fig.  I.  High-\oluige  cl',’i....ii  inicroscopv  pliotogr.ipli  .'dark  licli.li  ol  .i 
transtormcsl  zone  m  a  thin  specimen  ol  Ntg-l’S/  near  a  X'ickers  indeiu.i 
lion  crack  The  stress  lield  ol  the  propagaliiic  crack  up  indiiccd  ihc  Irans- 
lorinalion  to  Iwiiiilcil  monoclniic  p.irlicics  iii  Ihc  "wake"  ol  ihc  .la.k. 
ihcrcbc  consiiaining  it 
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Fi)>.  2.  rcprc'cnijiii'n  ol  ihi.-  /  —  m  Iraii^tornialinn  nicclia- 

nlMll^  in  '.phcrii.'.il  /rO  panitic'  in  Al-O;  ' 


The  tran'.torniaiioiinl  i.r\stallogrnphy  cif  conlincd  spherical 
/r(l  particles  dispersed  in  Al-O,  has  been  esperinientallv  stud¬ 
ied  '  The  relationship  between  elastic  strain  fields  surrounding 
the  I  .ind  III  particles  has  been  elucidated.  .As  illustrated  seheniati- 
call\  in  l  ie  2,  the  r-ZrO-  particle  existed  in  a  stale  of  tensile 
stress  due  to  thermal  expansion  mismatch  with  the  Al-O-.  matrix, 
fills  .irose  during  fabrication  when  the  composite  was  cooled 
Irom  the  processing  temperature  of  l.xt'll'C  to  room  temperature. 

1  he  transtormed  monoclinic  particle  was  twinned  and  exerted  an 
.inisiuropic  ciMtipressive  stress  on  the  matrix.  It  was  much  larger 
than  the  tetragonal  field  and  perpendicular  to  it.  N'arious  theo¬ 
retical  studies  ha\e  been  made  of  the  cr_\siallograph>  of  the  trans¬ 
formation  mechanism  m  the  bulk.  '  '  Their  applicability  to 

contined  particle  mechanisms  has  been  questioned,  however, 
since  experimental  obserxations  suggest  that  matrix-constraining 
forces  may  also  need  to  he  considered  in  theoretical  predictions.' 

Martensitic  transformation  mechanisms  have  been  recognit'cd 
and  confirmeil  both  cxperimeni.illy  and  theoretically  in  single- 
ciystal  studies  of  inorganic  compounds  by  Kennedy  and  co- 
workers  '  during  the  past  2.x  years.  Several  such  compounds 
undeiwcnt  large  \olume  changes.  For  example,  a  xx'lume  change 
ol  ■  Ib'i  occurred  in  .NaC'l-type  —  C'sCI-type  transformations  in 
the  alkali  halidc'.  '  ’  Ihe  /me  blende  — >  NaCl-type  and  wurt/- 
itc  -  NaC'l-typc  tninsformations  in  manganous  sulfide  iMnSi 
underwent  Id'f  and  2ii'l  xolume  changes,  respectively  ,’ ' '  The 
iranslorinatioos  in  the  alkali  and  ainmonium  halides  have  been 
qu.intitatu els  prosen  to  be  martensitic. 

Preliminary  ins cstigatioiis  base  been  made  into  the  application 
ot  the  ssurt/iic  type  •  graphite-type  transtormation  in  boron  ni¬ 
tride  iH.Ni  sshich  normally  occurs  under  high  pressures.  ’  No 
stress,  induced  transtormation  at  ambient  pressures  could  be  in¬ 
duced.  howeser.  presumably  because  o|  the  extremely  high  iiii- 
clcation  h.irrier  associated  ssith  such  a  large  solume  change. 
Mfwsing  tor  high-pressurc  compressihilits  effects,  sse  estimated 
the  solume  change  as  .'I'l  l.T''!  in  the  structurally  analogous 
londsdaleitc  ’  gr.iplnte  tr.insformation  in  carboni  ’  The  volume 
shangc  lor  BN  i  eraphite-ty  pc  '  ssurt/itc  type  transformation  I 
under  shock  compression  ssas  measured  as  I'Pi  .  ‘  .-Mthough 
liatni.i  ifltO  I  is  isostructuia!  with  /irconia.  no  transformation 
loiiL'iicniii.’  usini’  Hit)  has  been  reported  to  date. 


Lattice  deformalional  (displacive)  transformations  in  nonmetals 
tincluding  inorganic  compounds,  ceramics,  minerals,  and  compo¬ 
nents  of  glass  and  portland  cement)  have  been  reviewed  by 
Kriven.’’  ’'  Although  nonmetals  have  not  been  extensively  stud¬ 
ied  from  the  point  of  view  of  mechanisms,  many  exhibit  charac¬ 
teristics  and  behavior  analogous  to  zirconia  (e.g.,  rapid  kinetics 
and  shattering).  Such  characteristics  are  also  presumably  com¬ 
mon  to  martensitic  transformations  having  large  volume  changes. 
When  the  structures  arc  complex,  or  pure  lattice  strains  arc  large, 
a  choice  of  mechanism  may  operate  for  the  same  parent  and 
product  structures,’  Examples  have  been  observed  where 
a  mechanism  may  be  diffusive,  i.e..  reconstructive,’'’  or.  under 
diffeent  nucleating  conditions  (e.g..  rapid  quenching,  stress 
induced),  displacive  or  lattice  deformational.'  .Martensitic  trans¬ 
formations  are  a  subset  of  the  latter  category.' 

.Atthough  there  is  no  such  choice  of  mechanism  in  zirconia.  it 
can  now  be  viewed  as  a  model  system  for  transformation  tough¬ 
ening.  However,  since  it  has  both  a  volume  change  and  a  shape 
change  associated  with  the  t  — >  m  transformation,  it  is  not  clear 
which  is  the  more  important  component  for  toughening.  Further¬ 
more.  the  shape  change  can  be  subdivided  into  the  unit-cell 
(angular)  shape  change  (e.g..  \fi.  the  change  in  monoclinic 
B  angle  is  d’  in  ZrO-  in  going  from  t  to  m  symmetry  )  and  the 
macroscopic  shape  change  (in,)  associated  with  the  martensitic 
mecnanism. In  the  quest  for  new  alternative  traii>lormation 
tougheners  to  zirconia.  thcrelbre.  a  systematic  study  is  necesssarx 
in  order  to  vary  the  components  of  the  transformation.  The  rela¬ 
tive  effects  on  the  mechanical  properties  of  such  composite 
ceramic  systems  can  then  be  evaluated, 

■fhe  aim  of  this  review  is  to  survey  the  literature  for  experi¬ 
mental  and  crystallographic  evidence  lor  displacive.  possibly 
martensitic,  phase  transformations.  This  rexiew  will  focus  on 
those  transformations  hax  ing  positixe  volume  changes  on  cooling 
analogous  to  zirconia.  Preliminary  experimental  obserxations  and 
theoretical  considerations  will  be  presented.  Table  I  summarizes 
these  compounds  and  (he  relevant  physical  properties  which 
can  affect  the  mechanical  properties  of  composite  materials,  The 
volume  change  in  going  from  phase  I  to  2  is  calculated  as 
(T;  -  V’li.'V, .  The  variety  of  chemical  compositions  brings  to 
light  a  greater  xariety  of  chemically  compatible  matrices.  ’I’hc 
various  combinations  of  volume  and  shape  changes  and  cry  stal¬ 
lography  open  up  an  are;i  in  which  little  research  has  been  xlone. 
but  which  has  great  potential  scientific  relevance  and  technologi¬ 
cal  application 


II.  Lanthanide  .Sesquioxidixs  (LnT),) 

( 1 1  l.anthanidv  Sesquioxides 

I  he  rarc-carlh  oxides  haxe  been  compr.'hensixely  studied  for 
iii.iny  years.  '  aiul  their  transformations  were  rexiexxed.  I'hc  ma¬ 
terials  are  among  the  n'ost  thermally  stable  kiunxn.  melting  from 
22ii()  to  2.x()()  C.  fhe  metal  substructure  is  rigid  up  to  the  melt¬ 
ing  point,  and  lenipcralures  of  the  order  of  12(10  to  140(1  (’  arc 
required  before  appreciable  metal  .itoni  moxement  oecurs.  In 
contrast,  there  is  high  mobility  in  the  oxygen  suhlatticc.  com¬ 
mencing  aboxe  .hit)  1  he  sesquioxides  .ire  thei niodx nami- 


Table  1.  Summary  of  I’ossiblc  Alti-rnalixe  I’ransformation  'I’ougheniTs  to  /.rO.- 
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fllOMlC  nu^iBER 

Hi!-  3.  I’oK  jiiorphic  lorni-.  .ind  ir.in'Ibrmiilion  tcnporaliirc'  nl  the  Urn- 
ih, inkle  sesquioxide^.  ' 


cnlK  \cr\  'i.ible.  m'  tlnit  sapor-iniiiepori  reacti(in>  are  neelieible. 
Some  oxides  le.e..  Sm.  Gd.  ban  have  good  nuclear  irradiation 
stabilitx  and  arc  potcntialK  useful  in  nuclear  reactors. 

Most  oi  the  '.'.ork  on  phase  cnuilibna  and  crxstal  structures  was 
done  h\  Koex  and  co-uorkers'  '■  on  samples  crystallized  from 
the  melt  in  a  solar  furnace.  The  slightlx  lower  temperature  equi¬ 
libria  A  "  H  — •  C  were  also  studied  in  sintered  pellets'"'  and 
in  materials  prepared  b\  ehemieal  inorganic  precipitation  meth¬ 
ods  Using  hxdroxides. ■' 

I  he  poixmorphie  transformations  in  lanthanide  sesquioxides 
are  summarized  m  Fig  .v  ’  Phase  .\  is  hexagonal,  space  group 
■  SGi  /'.v'll.  ai\I  contains  I  lormula  unit  per  unit  cell  (Z  -  I  i. 
I  he  eatU'iis  ."'c  in  su\unlold  coordination  with  four  close  and 
three  less dose  .  xxgens.  Phase  11  is  monoelinie.  .SG  CZ  'ni.  Z  ^ 
to  and  has  a  se. enfold  coordination  ol  the  cation."  Phase  C  is 
euhk  and  I'  thiorite  derixed.  SG  hi}.  /  -  lb.  and  GN  b  '  " 
I  he  high  temperature  H  ami  .\  phases  are  hexagonal  and  euhie. 
rc'peetixelx  Ihermal  expai.'ioii  eoeffieients  and  some  kineoes 
lor  the  \  "  B  "  ('  iraiislormalion  oxides  preparexi  from  diller 
ent  starting  eompoiiiuis  h.ixe  been  xlelermined, '' 

i2)  Hexagonal  ^  .Monoclinic  *—  Ciihic  Transformation 

l  ike  ZrO  .  the  .\  •  H  •  G  transloriiiations  are  anomalous  in 
that  there  i'  a  xoliiiiie  increase  on  cooling  .\s  shoxxn  m  lag.  4. 
the  H  •  (  xolume  chance  has  been  eslimalexl  as  SG  to  lll'i. 
xxheieas  that  "1  \  •  B  i.  much  less,"  The  B  phase  xxas  highly 
pres'iire  sciisitixi.  aiiil  max  he  slahili/eil  xxith  respeel  lo  the 
(  toim  on  applkation  ol  pic'suie  "  Pellets  ol  F.u  ( )  uiHlerxxent 
the  (  •  B  lian'tonnalion  xlurmg  criiuling  on  abrasixe  paper 

Ihe  B  •  ('  Iraiislomialion  in  I )x  ()  xxas  iiulueexi  by  grimling  of 
'plal  iiiieikhekl  llakc'  .Mihough  there  xxas  some  diseussmn  ol  a 
rcx  onstiuxtix  e  mech.imsm  lor  B  -  •  ('  Ir.inslormattxni.’'  '  Ixiex 
aiul  Iraxerse  reported  that  the  speed  ol  B  •  ('  transformation 
cixxx  xery  rapully  as  one  axlxancexl  alone  the  senes  tnmi  .Sm  O 
to  Ho  ()  ,  aiul  Ihe  lianslormalion  temperature  mereasexl  I  he 
l.irce  xc'liime  increase  on  coolinc  xaiised  lire  eeramix  to  shatter 


IONIC  RADIUS,  xlO'lnm 

Fig.  4.  .Vlolceular  xolumes  of  the  A.  B,  and  C  crystal  structures  in  the 
lanthanide  sesx)uioxides.'‘' 


Hixxxever,  at  higher  temperatures,  e.g..  in  holmia.  there  was  suf¬ 
ficient  kinetic  eiieicy  to  permit  posttransformational  rearrange¬ 
ment  to  accommxxdate  the  drastic  xolume  increase  and.  therefore, 
avoid  fragmentation.  By  forming  solid  solutions,  e.g..  Gd;Oi- 
Dy.'O;.  the  B  — ♦  C  transformation  may  be  made  to  xieeur  oxer  a 
eoniinuxxus  temperature  range,''"  Chemical  stabiiizaiixm  of  the 
B  fxmii  xxas  achieved  by  Ihe  addition  of  CaO  or  SrO  as  dopants 
in  combination  with  rapid  quenching,"  "  Substitution  of 
Ca" '  ions  for  Irivalenl  rare-earth  ions  caused  oxygen  x  aeaneies 
and  the  desiructixe  B  — *  C  transformation  xxas  suppressed.  The 
amxiuni  of  chcmietil  siiibilizer  increased  xx  ith  increasing  atomic  num¬ 
ber.  The  solid  solutions  were  not  stable,  however,  and  reverted 
to  l.n-O;  and  CaO  xm  prolxmged  annealing  at  1200’C.''"  The 
CaO-Dy-O;  phase  diagram  is  known  and  gives  a  solid-solution 
limit  of  CaO  in  B-phase  dyspnisia  of  =  12  mol'f  Attempts  to  pro¬ 
duce  a  partially  stabilized  dysprosia  I  PSD)  analogue  to  PSZ  hax  e 
been  under  xvay  in  our  laboratory  using  8  mo!');  CaO-DxyOi 
eompositixins.  and  Ihe  xvork  will  be  published  separately.'"' 

current  xxork  in  our  laborxitory  by  .lerx>  and  Kriven'  has  shxiwn 
that  the  B  —  C  transformations  in  the  sesquioxides  beloxx  Gd-Oi 
prxteeed  xxith  extremely  sloxx.  reeonsiruetix e  kinetics  and.  there¬ 
fore.  dx)  not  appear  to  be  x  iable  choices  for  Iransformatixin  tough¬ 
ening.  Hxxxxever.  the  heax  ier  members,  in  particular  lerbia  and 
dysprxisia,  are  viable,  although  Ihe  use  of  terbia  is  limited  lx>  inert 
alnixispheres  at  clexaled  temperatures  because  of  its  tendency  to 
xhsprxipxirtixuiale  lo  rb,()  .  Dysprosia.  with  an  .\h  temperature 
ol  |x),3l)  C.  on  eoxiling.  appexirs  to  be  the  most  xxorthy  of  invesii- 
gatixin  at  present  Haxing  an  exen  atomic  number  ibbl,  it  is  mxire 
abundant  than  the  odd-atomie-iiumbered  members  xU  the  senes  " 
No  erilieal  particle  size  analyses  have  been  uiulertaken  as 
xel.  Hoxxexer.  metasiable  retention  of  the  high-lemperaluie 
mx>noelinie  phase  is  eonsiderexi  lo  xlepeiixl  also  on  the  xxdume 
change  and  relatixe  elastic  moduli  betxxeen  the  matrix  anxi  the 
toughening  phase.  Gnlike  /rO-  systems,  rapid-ei'oling  kinetics 
haxe  been  reexignizcxl  lo  play  a  eiuei.il  role  in  retention  xil  the 
high-temperature  B  phase  ' 

t.fl  .Microsiriicturc  and  Defects  .Associated  with  the 
.4  — »  W  C  Transformations 

Boulesieix  i  t  ol  '  '  aiixl  ('aro'  exlensixelx  siudiexl  the  mi 
emstrueture  anxI  xlefeels  proxluecxl  in  the  .A  — *  B  •->  C'  ir.uislor 
Illations.  I  hex  grexx  thin  films  ol  the  l.inth.inixle  sesx|UK'xixles  in 
situ  Ironi  rtire  e.irlh  niet.il  loils  in  the  I  F.M  I  he  oxixles  xxere  gen 
erallx  l.irge  anxi  thin  erxsiallile  giaiiis.  xxith  .i  xlianieter  ol  sexer.il 
mix  ronielers  .uixl  .i  thickness  ol  ,s|l  nm  I  r.uisioi  nialions  be 
txxeen  poixiiiorphs  xxus  .lelnexexl  by  sii.uiis  iiixlueexl  by  seleetixe 
heating  by  the  elex  iron  he.im 
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Fig.  5.  StnK'Uiral  rclation>hip  hotwecn  three  >taeke(J.  pnmilit.e  subeelK 
I'l  hexaeonal  A  pha^e  anil  the  nionoehnic  i/  =  hi  X-ras  cell  of  the 
B  phaie  lanthaiinle  ^es^UK'\llie^.  ‘ 


Complex  t\x inning  was  obeerxed  in  the  monoclinic  B  phase,  as 
comprchcnMxclv  reviewed  by  Boulesici.x*  and  Caro."'  “  Four 
ditlerent  iwinniny  ^xstems  were  observed,  viz.,  and  <1.12) 
(wun  magnitudes  ot  shear,  .s  =  (1.1X61.  and  their  combinations. 
The  tw  ins  were  mechanical  in  nature,  produced  by  stres.ses  asso¬ 
ciated  with  the  heating  and  cooling  of  the  electron  beam.  Trans¬ 
formation  twins  were  also  formed  in  the  .A  — »  B  transformation. 
The  twin  systems  were  either  t>pe  I  iretlectioni  or  t\pc  2  (rota¬ 
tion  twiiisi.  Several  preferred  crxstal  orientations  and  unusual 
f.irmations  were  observed  and  found  to  correlate  well  with  the 
oxv  gen  coordination  scheme  proposed  hv  Caro."'  "  For  example, 
the  .A-  and  B-tvpe  grains  usually  formed  in  an  epitaxial  type  of 
relationship  such  that  the  surface  of  the  crvstal  (i.e..  the  large 
dimension  I  was  parallel  to  the  plane  of  the  OLn.  lavers.  i.e.. 
illOOl  1  ^  or  I 2iiT li, 

.A  ■martensitic  character  "  has  also  been  suggested  for  the 
B  — •  .A  translormation.  Flectron  microscopv  studies  of  the 
A  — >  B  transformation  mechanism  have  indicated  the  orientation 
relation’ ' 

lOOOli.,  i2(iT);,  where  'II2(I».,  [l)l(i|„ 

Ih’i  i.'il  >11  ihi'  posiulalion  of  a  lattice  correspomlence  between 
the  hexagonal  and  monoclmic  cells."'  Figure  depicts  this  rela¬ 
tionship  in  terms  ot  three  stacked,  primitive  hexagonal  subeells 


=  loo  Ilf 


and  the  monoclmic  (Z  =  6)  cell.”  The  monoclinic  structure  is 
related  to  the  hexagonal  by  a  3.2°  shear  of  the  basal  hexagonal 
layers  (0001  )n  and  (20T)b.  Because  of  the  pseudohexagonal 
symmetry  of  the  B  phase,  there  were  12  rotational  variants  of  the 
twinning  systems  which  could  occur.  A  13th  variant  could  occur 
by  double  twinning. 

Studies  of  the  C  phase  found  it  to  be  more  prone  to  slip  than 
twinning,  althtvugh  one  twin  system  was  identified."  The  B  — »  C 
transformation  was  observed  in  the  electron  microscope  with  two 
different  orientation  relations  being  reported  The  structural 
relationship  between  B  and  C  is  complicated  by  having  to  com¬ 
pare  X-ray  unit  cells  of  differing  numbers  of  formula  units. 
However.  Fig.  6  illustrates  a  possible  lattice  correspondence  postu¬ 
lated  by  Sudre  and  Kriven.  '  in  which  the  cubic  Z  =  16  cell  is 
related  to  the  monoclinic  Z  -  6  cell 

In  summary,  the  expenmenial  observations  implying  the  possi¬ 
bility  of  transformation  toughening  bv  the  higher  atomic  number 
members  of  the  lanthanide  sgsquioxidcs  is  presented  in  Table  II. 
The  high  .\U  temperatures  no  22(K)  Cl  in  the  higher  atomic  num¬ 
ber  LnT);  compounds  indicate  (he  possibilitv  of  high-temperature 
transformation  toughening. 

III.  Dicalcium  Silicate  (CaiSi04) 

Dicaleium  silicate  ibelitel  is  one  of  the  four  major  compo¬ 
nents  of  cement,  the  other  constituents  being  tricalcium  silicate 
(3Ca()  •  SiO.o.  tricalcium  aluminatc  (3CaO  ■  AFOd,  and  tetracal- 
cium  alummoferritc  (4Ca()  ■  .Al-O ,  ■  Fc-O  d  type  phases.  ‘  '  In 
addition,  minor  amounts  of  calcium  sullatc  dihydratc  (gypsum, 
Ca;S(),  ■  2H -Oi  are  important  in  controlling  the  hydration  of 
these  components  The  crystallography  and  polymorphism  of 


Table  11.  Comparison  of  the  B  —►  C  Transformation  in  the  Lanthanide 
Sesquioxides  (l.niOd  with  the  I'etraKonal  — ►  MoncK’linic  Transformation  in  ZrOj 


/fO 

Sin  O  !)\  ( ), 

Structure  ch.ingc 

Tetragonal  -•  incinoclinic 

.Monoclime  •  cubic 

C'oordination  number 

X  .  7 

7  .  (i 

Volume  change  I'i  i’ 

•  4  0.  crvstal  shatters 

■  X  to  ■  l(t,  crvstal  shatters 

Cmt-ccil  shape  change.  A/f  (dcgi 

0 

hi 

Transtormalion  tcmpcr.iturc.  V/  (  C'l 

O.SO 

(i(HI  2:(«l 

("hemical  stabilizers 

(  aO.  VlgO.  Y-O, 

("aO.  SrO 

Pressure  stabilization 

(  ZrO  m  A1  () 

B  phase  stabilized  bv  pressure 

Translorm.ible  bv  grinding 

Acs.  in  reverse  direction 

Yes.  Ill  reverse  direetion 

Positranslorm.itjonal  rearrangement 

Beginning 

Acs.  with  increasing  temperature 

'K'X'M'  'c-c.pcr.ifurc 


Dcvcnibci  bJSS 


I’ossible  AlicrnuiixT  Trar.'^formation  Toughenprs  to  Zirconia:  Crystallographic  Aspects 


1025 


Fii;.  7.  I’olynorplik  ^r.m^tornl;llUln^  in  C'a.SiO.. 


pufL'  dicaL’iuin  Mlicatc  i  abbivs  latcJ  C'  Si  ha\c  been  extensively 
slinlieJ  ■  '  and  re\Kn\ed  and  are  suniinarized  in  Fii:.  7. 
I  daeaua  i  ialC  '  eundueted  Miiele  eiA stal  \-ra\  experiments 
and  deiemined  the  l.ittiee  eorrespondenees  as  drawn,  rite  xxidcly 
kiii'un  etieet  "!  '\lu>tine  "  or  sell-disintegration  of  portland  ee- 
inent  is  due  to  the  laree,  positixe  volume  ineretise  of  I2'(  whieli 
aeeompames  the  li  --  y  tiainsforniaiion  in  diealeium  silieate. 
l  ieure  x  shows  the  C':S  erams  in  the  SLM  whieh  transformed 
to  y, 

file  elleet  ot  ehemieal  dopants  in  stabili/ine  the  xarious  poly¬ 
morphs  ol  (■  .S  down  to  room  temperature  has  been  extensively 
studied  and  reviewed  "  '  fhe  exaet  role  of  the  liopants. 

however.  is  unelear.  sinee  in  some  eases  (e.i;..  K  ()i.  eoneentra- 
tioiis  ol  the  dop.mt  were  toiiml  in  an  intereranular.  amorphous 
phase  rather  than  in  solid  solution  with  (he  t'  .S,  Furthermore,  re¬ 
sent  experiments  show  that  the  stabili/ine  elleet  in  K  ()  doped 
('  S  depends  on  the  sooline  rate  or  the  annealiipe  tre.ilmeut  after 
sinterme  In  \l  (1  sloped  ('  S  systems  on  the  other  hand,  ahimi 
num  sun  be  louiisl  both  in  the  elasss  phase  and  in  solul  solution 
w  III)  ( ■  .S 

I  he  phvsk.il  laetois  alteetine  the  fi  •  y  translorniation  have 
been  stuiheii  by  \  ray  ihllraetion.  optieal  imeroseopy,  SF,.\1.  and 
elestron  probe  misroaiialy  sis  \  review  o|  the  eemeni  ehemistrv 
literature  shous  that  the  ratio  o|  ji  to  y  m  repealetlly 

■jroiirul  and  sinleresl  pellets  ol  (  .S  slejiendeil  on  Ihe  lollovv- 
ine  parameters 

Ml  I'arlisle  si/e.  \  laree  '/  (  S  parliele  si/e  leiuieil  to  pro 
'ill  e  ■-  ph.ise  lor  eiven  aiineahne  eomlitions  ol  temperature, 
lime,  and  a  'low  eoohne  rate  Small  inili.il  y  ('  S  si/e,  however, 
slahih/cd  the  o  |.h..ss.  Iliese  ohservalioiis  weis  , :u  sm 
leierl  powslers  ''  and  in  ileiwe  pellels 

Mil  lernperature  Inereaseil  annealiiiL'  lemperatiires  below 
the  o  •  o.'i  translormalion  temperature  ol  I42.s  (  produeesi 
more  y  I  his  was  also  the  ease  loi  annealinn  above 

142.S  ('.  hut  there  aeeelerateil  pram  prowth  h.ul  oeeurred.'"' 

Mill  lime  l.onper  annealinp  times  proslueesi  more  y-C  S. 
hut  this  elleet  was  sceondary  to  the  elleet  ol  lemper.ilure,  ”  '  ' 

MV  I  Kineties  I  he  kmeties  ol  eoolinp  Ihrouph  the  rr  *  rti’, 
translormalion  was  verv  important  Slow  eoolinp  throuph  I42.S  (' 


Fig.  8.  SF.M  mierograph  of  C-S  grains  wliich  underwent  —  y  trans¬ 
formation  and  "dusted  "  beeause  of  the  aecs’nipanying  large  I2'’'(  molar 
volume  inerease.  “ 


led  to  the  lormation  ol  "y-C'S  whereas  fast  eoolinp  tended  to  re¬ 
tain  /i-C>S  in  the  final  mierostrueture.'"' 

Thus,  it  was  eoneluded  that  a  partiele  size  effect  eiperated  in 
ci'ntrollinp  the  fi  y  transformation  in 

In  contrast  with  zirconia,  which  is  twinned  aficr  transformation 
to  monoclinic,  the  parent,  monoclinic  is  twinned  hcfori- 

transformation  tt>  orthorhombic  y-C;.S.  This  lead,,  to  an  ambigu¬ 
ity  in  the  definition  of  the  critical  particle  size.  ''*  Specifically,  a 
critical  particle  volume  for  transformation  could  be  defined  by 
the  overall  /f-C.-S  particle  size,  the  twin  thickness,  or  a  combina¬ 
tion  of  both  the  twin  thickness  and  twin  length. 

I'he  third  convlition  occurs  when  C.-S  pellets  are  very  rapidly 
quenched  from  above  the  o,',  — «  o,  transformation  temperature  at 
1425  C'.  Work  in  progress  by  Chan  cl  al."^  indicates  that 
this  causes  the  (3  twins  to  undergo  regular  microcracking  diago¬ 
nally  .icross  the  twins  It  is  hypothesized'''  that  the  o  — >  o,', 
transformation  initiates  a  large  shrinkage  in  unit-cell  volume, 
which  is  intciisilicil  by  the  quenching  of  high-temperature,  ther¬ 
mally  expandcvl  lattice  parameters.  It  is  estimated  that  -(i.5b'i  vol¬ 
ume  shrmk.ige  needs  to  be  .iccommodated.  Phis  causes  stresses 
to  be  .iccumulated  within  the  t'-S  grams  which  are  relieved  bv 
ivriodw  microcracking  ol  twinned  /i-C'  S  particles  or  herringbone 
tw  limed  microsiructures 

However,  quantitative  values  for  the  critic.il  particle  size 
lor  iranslurmalion  were  inconsistent,  r.inginp  from  5  '  to 

7  //m'' '  '  down  to  (1. 2  to  ll  .f  /um  '  '  '  Ihe  l.irpc  v.ilues  were 
obl.imed  by  optical  microscopy  and  Sli.M  .ind  referred  to  over.ill 
('  S  particle  size,  whereas  the  submicronieler  v.ilues  obtained 
Iroiii  \  r.iys  and  SF.M  referred  to  the  width  ol  individu.il  trails 
lormed  y  l.iths  within  C'  S  p.irticlcs.  .is  seen,  for  ex.imple,  in 
l  ip.  S.  I  b.M  niicrostructur.il  studies  ol  the  o’  •  /f  .itul  fi  •  y 
Iraiisforiiiations  loiiiul  th.it  y-(  S  vv.is  lornicd  bv  the  erowth  I'l 
needles  or  l.iths  whose  hme  .ives  wcie  ['.ir.illel  to  |(HII|  or 
|(l|()|,.  " 

Recently.  ('  S  p.irticlcs  li.i-.c  l  ^cii  succcsstuH.  mixed  with  .i 
calcium  zircon. ite  ph.isc  to  lorin  .i  composite  cci.imic  with 

.1  niicrosiriicture  sinni.ir  to  /  r,\  l  ipurc  o  is  .:  1  F.M  inicroci.iph 
ol  .1  piire/TC  S  p.irlicle  contined  in  .i  c.ilciiim  ziicoii.ilc  ni.itiix  ' 
It  IS  twinned  on  t  IlMli  ,is  .i  lesiilt  ol  the  o'  •  fi  tr.iiisloi 

Illation  which  is  Ihoiiphi  to  be  m.iilensitic  '  '  Ihe  mct.ist.ible 
ft  ('  S  partieles  ol  suit.ible  si/e  ,iiid  conlined  in  .;  n.atrix  c.in  be 
mihiced  to  ir.iiislonii  to  y  by  priiulinp  '  '  I  in.illv,  the  evi 

deuce  lor  posiiilalinp  (  S  ,is  ,i  ti.iii .lorni.ilion  loiiplienei  is  suin 
m.iri/evi  in  f.ible  III 
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Protoenstatite 

(orthorhombic) 


1042°C 
slow  cooling 


865°C 

fast  quenching 
AV  =  -5.5% 


clinoenstatite 

(monoclinic) 


shearing  under 
high  pressures  and 
temperatures  (>800°C) 


Orthoenstatite 

(orthorhombic) 

Fig.  10.  Polvmorphs  of  cnMatitc  (McSiOil.  Clini.cnstalltc  Is  a 
metastabic  phase  ohlaincii  by  quenchinc  of  protiK’nsiaiitc. 


Fig.  V.  TE.\I  misTocraph  of  a  fj-C-S  grain  iwinned 
on  ilOdi,  and  motaslably  confined  in  a  ealcium  ^rir- 
eonate  iCZi  matrix,  “ 


ing  processing  so  as  to  produce  nonstoichiometric  Ni  S,..  Ni.S... 
or  elemental  Ni. 


IN'.  Nickel  Sulfide  (NiS) 

■Nickel  sulfide  (rfiilientc)  exists  as  the  folKnsing  polymorphs  at 
1  atm:  ' 

N,  \s 

During  prixtessing  cif  soda-limc  plate  glass,  spherical  or  ellipsoidal 
NiS  inclusions  were  metastahlx  retained  in  the  high-tempcralure 
a  torm  down  to  room  temperature  It  was  recognized''"  that 
-p.'r.tane.'".is  transformation  ot  particles  of  o-NiS  to  /J  caused  de¬ 
struction  of  the  glass  when  the  particles  wcie  located  the 
internal  stress  field,  Plate  glass  can  be  thermally  toughened  by 
quenching,  which  produces  a  coiiipressixc  sircss  state  in  the  sur¬ 
face  region.  I'he  a  —>  transformation  is  accompanied  by  a  \ol- 
ume  incre:ise  of  -  t  Ni.S  is  an  IR  radiation  transmitter  at 

X  to  14  /am. 

-\  critical  particle  si/e  ctfecl  was  theorclically  predicted  and 
calculated  trom  fracture  mechanics  considerations  ol  annealed 
glass  ’  Critical  si/cs  for  tuiclcation  of  the  transformation  and 
microcracks  around  the  particles  were  estimated  al  .'2  lo  22  /am. 
Hinsexer.  in  tempered  class,  the  critical  size  depended  on  the 
particle  location  because  of  different  stress  Icxcis  m  surlace  ver¬ 
sus  hulk  regions 

It  was  concluded  that  the  o  fi  transtormation  in  .N'iS  could 
be  avoided  b\  cither  ot  two  methods; 

III  I  he  particles  could  be  chcmic.ilh  doped  with  .N'iSc  or 
Ni.-\s 

111!  The  internal  oxygen  partial  pressure  cotikl  be  altered  diir 


V.  .Magnesium  Metasilicate  (MgSiO,) 

Hnstatite  iNIgO  SiOo  is  the  major  component  of  steatite  ce¬ 
ramics  which  are  used  as  electrical  insulators.  They  have  low 
power  losses  in  the  high-frequency  range  and  good  dielectric 
properties  to  elevated  temperatures.  The  polymorphism  of  en- 
statite  has  been  extensively  reviewed'' and  is  summarized  in 
Fig.  U».  At  ambient  pressures,  enstatite  exists  as  protoenstatite 
(proto)  above  1()42°C  and  orthoenstatite  (ortho)  on  slow  cooling 
to  room  temperature.  Fast  quenching  of  proto,  however,  produces 
metastable  clinoenstatite  (clino)  at  Xb.S'C.  The  monoclinic 
li  angle  is  lOX..'^’.  The  proto  — »  clino  transformation  is  accom¬ 
panied  by  a  volume  decrease,  whereas  the  ortho  — »  clino 

transformation  volume  change  is  negiigioic.  The  monoclinic 
fi  angle  is  lOX  .  which  gives  a  unit-cell  shape  change  A/j  =  IX  ,V  . 
This  is  approximately  double  that  of  ZrO;  lA/T  -=  4  i. 

The  transformation  mechanisms  between  the  three  phases  have 
been  investigated.''  ''  The  skiw  proto  — •  ortho  transformatit'n 
mechanism  is  considered  to  be  .'cconstructive.'"  .Similarly.  clim< 
reverts  to  ortho  on  annealing  at  high  temperatures  and  v  ia  the 
proto  phase.'''  Prolonged  annealing  only,  between  b.XII  and 
d.Xt)  C.  also  produces  ortho  via  a  slow,  apparently  reconstruc 
tivc  mechanism  '  " 

In  contrast,  the  proto  — *  clino  transformatu'ii  on  quenching  is 
very  rapid  and  displacive  T  he  mechanism  has  martensitic  charac¬ 
teristics.  being  difftisioitlcss,  athcrmal.  stress  inducible,  and  hav  ¬ 
ing  an  orientation  rclatitm  between  parent  and  product  phases  '  '  ' 

('linocnstatitc  has  an  equilibrium  stability  field  only  above 
,sb(i  (■  -  (4.,s  (■  kbarl/',  where  P  is  applied  hydrostatic  pressure 
ol  ecoloeical  intienitmlcs  '  '  I  ndcr  hvdrosl.ilic  stresses,  the  ortho  — 


Table  III.  Comparison  of  the  (i  —*  y  Transformation  in  Ca.fiiff.,  with  the  Tetragonal  -♦  Monoi-y...,.  Transformation  in  ZrO, 


Structure  change 

Tetragonal  •  monocliiiic 

Monoclinic 

*  orthorhombic 

Transformation  temperature.  M  i  Ci 

<)s() 

4‘)l)  ' 

Volume  change  ( '  1 1 

•  4  ') 

■  1  1  ')('  ■  ' 

Coorilination  number  change 

X  •  1 

C,i(  1 1  7  1 

Callli  xf 

(T- 

L'nit-ccll  shape  ch.inge.  A/f  (degi 

') 

4  fv 

Chemical  stabilizers 

MgO.  C.i().  VO 

BO.  Al  () 

B.iO,  K  ().  (TO.,  etc 

Transform, ition  intiuced  by  grinding 

Ves 

Ncs 
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Us-  11.  I  .IIIKL-  vl'rrc^polul^.■IKC 
.ijopicd  b\  iirihi'Oii''l.ililc  111  lr.ln^■ 
tiTiiiinc  li'  c  1 1 iiik'H -.1,11  lie  uiuier 
^  ■  In'  I’.i  i '  kh.iri  eniiiiTiir.e  pre' 
sure  .irul  ''(Ml  (',  .inJ  uiuler  -i  emi- 
sl.ini  sir.iin  r.tie  .ippliesi  ui  In  the 
a  .iiul  e  .i\es 


sliiii'  irunsKirm.inoi)  i'  slnu  unJ  slupci'ti.  rei.|iiiriiii;  the  use  ol 
ilusc'  .ukI  K'lie  leactinn  limes  At  elesateil  lemperalurcs  (bcKns 
liKKi  (  i  aiKt  uiieicr  hieh  pressures,  partieularK  luuihylrosiatie 
stre"  slireeted  alnup  the  er\  st.illnpraphie  illKli  i!ircclu)ii. 

the  kinetis'  nl  the  "rthn  •  elino  traiisinrmation  can  he  aeeeler- 
atesl,  '  I  spietil  eotielitions  requiresl  are  5  ■  10' to  6  •  10' Pa 
(_' 111  h  kharKit  800  C',  ■  10' Pa  (50  kbtir) til  920  C,  “  or  hijth 

siiam  laites  Oireeteel  s.Is.iiv;  ( 1(K))  |(X)1 1.,  above  45(1  to  650  C'.  Uittler 
these  soiKlilions.  the  ortho  -  •  e!in>i  traiislormation  appears  to  be 
sii'plaeive  I  lie  lattice  eorrespoiuienee  observesl  is  illustrated  in 
[  le  II,  uhere  the  unit  sell  shape  ehanee  ot  18, .V  is  etieetixely 
redueeil  to  I  '  be-eausc  '4  the  lattice  eorrespotulenee  aslopted.  The 
siieeestioiis  o|  u  niarteiisitie  meehaiiism  tor  ortho  —  elino,''  ''' 
hi'uever.  aie  reUiled  by  I  b.M  observations  til  partially  transt'ormed 
tnien  sti  ikturcs  •  '  I  he  eoevistenee  ol  tirtho  and  elino  lamel¬ 
lae.  eontiollahle  kinetics,  and  lack  ot  any  martensitic  teatures 
isiieh  as  an  interlace  ot  habit  planet  indicate  a  noi.martensitie 
mechanism  lienee,  the  potential  application  of  the  ortho  —  elino 
traiistormatii'n  as  a  touehening  mechanism  is  doubtful  in  the 

iv.tlili  ' *i  >rr« ci it M wciiiiiiK 

1  he  proto  •  elino  transtorrnation  which  is  apparently  mar¬ 
tensitic.  Iiovvever.  has  a  larpe  negative  volume  ehanee  on  eool- 
me  ( ine  mieht  s,iy  that  "transformation  weakemnit  "  was  first 
reeoeni/ed  m  some  CaC'O  -eontainiiii;  steatite  ceramics  which 
ileeraded  and  traetured  alter  a  period  of  storage  at  room  tem¬ 
perature  Ihe  problem  was  attributed  to  C'aO  m  calcined  pow¬ 
ders  which  caused  enhanced  erain  iirowih  tlurine  sinterinj;  as 
compared  with  Hat)  under  the  same  conditions.  Careful  experi¬ 
ments  showed  that  a  critical  particle  si/e  effect  operated.'" 

Pro!''  particles  lareer  than  7  iransformetl  spontaneously  to 
elino.  whereas  those  smaller  than  7  /xm  metastably  remained  in 
the  proto  phase.  Ihe  laree  negative  volume  change  aeeompany- 
ine  Ihe  proto  •  elino  Iranslormation  was  responsible  for  Ihe 
deleterious  etieets  on  the  steatite  body 

Chemical  stabilization  of  the  ensiatite  polymorphs  can  be 
achieved  by  I  to  2  mol'l  additions  of  .\InO  to  proto'"  or  by  dop- 
iiu'  ortho  with  alumina  '  .\lgly  and  l.il-  act  as  mineralizers  in  proto 
toimalion  and  they  atlcct  the  |„olo  — •  clmo  liaii.sfiiriiiation.'  " 

f  in. illy,  the  translormatioiis  m  enstaiiie  are  arch  t>pes  for  other 
silicates.  Ill  particular,  terro.ilite  and  wollastonite  '  ''  b’errosilite 

ileO  SiO  I  Is  isostruetural  with  eiistatite.  whereas  the  niono- 
elinie  <-•  Irielime  tr.inslormations  in  w  'llastonite  and  parawollas- 
lonite  iCaO  ■  SiO  i  are  considered  to  he  shear  related,  by  analogy 
wiili  enst.itite  '  " 


M.  Lanthanide  Borates  (LnROd 

Ihe  polymorphism  ol  ihf  KUO  type  lanthanide  borates  has 
been  siiulied  by  Levin  ct  al  "  b.ssenlialiy .  this  type  has  the 
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Hfi.  12.  Sliihilil}  relaiions  o)  the  .AlJO  .iype  borates  js  a  tiuMioj)  ol 
tcinperalurc  and  lonie  radius  of  the  large  cation 


CaCO-.-type  structure  of  aragonite,  ealeite.  or  vaterile  I'lie  equi¬ 
librium  and  metastable  phase  t'lelds  are  shown  in  l-ig.  12  ''  In 
•he  aragonite-  and  ealeite-type  phases,  the  COf  or  BOl  groups 
are  trigonal  planar  in  arrangement  However,  in  the  v aterite-like 
borates,  unlike  the  carbonates,  the  BOl  groups  have  an  unusual 
T  shape,  with  one  B-O  bond  longer  than  the  other  two.  '  Ihe 
valerite-iyc)c  phases  are  hexagonal  and  have  higher  tlensiiies  titan 
Ihe  ealeile-Iype  phases  foi  a  civen  lanthanide  compound  As  seen 
in  Lig.  12.''“*  lutetiLim  borate  iLuBO.i  has  the  smallest  ionic  r,i 
diusand  is  the  only  borate  to  undergo  the  \  aterite-ly  pe  •  ealeite 
type  transformation  at  I.^IO  C  It  is  accompanied  by  the  anom.i- 
Utus  volume  increase  ol  •  8  I'l  on  cooling  and  is  reversible  Ihe 
kinetics  and  nature  of  the  transformation  mechanism,  however, 
are  not  known. 

Ihe  vaterite  type  phases  themselves  exist  m  high  .ind  low 
temperature  modiliealions.  where  the  high  temperature  pli.ise 
is  most  analogous  to  the  CaCO  -\ alerite  sirueture  "  I  Ik 
transformation  exhibits  hysteresis  which  can  be  inere.iseil  to 
5.50  C'  by  solid-solution  formation  wuh  L.iBO  On  eoi'ling.  the 
high  -♦  low  transformation  causes  cracking  or  \lusiing  '  to  ,i 
loose  prwder  ;it  room  temperature  I'his  is  due  t.  the  l.irge  voi 
ume  decrease  of  -8, 2'!.  A  large  hvsieresis  oi  5lK)  C  .leeom 
panics  the  high  low  vaterite  type  ti.iiisloi i.,..:i>.n  in  5bB() 
which  has  temperatures  ol  55(1  ('  up  pooling  .iiid  liUii  C  on 
heating."'  .Although  (hese  ch.ir.ielerisiK  s  vuL'ge'l  (h  *1  .i  m.iri-'u 
sitie  mechanism  may  he  operating  in  the  high  •  low  v.itetiie 
type  transformation,  the  volume  vieeie.ise  on  vooling  imlie.iies 
that  It  wouki  not  be  usetui  .is  .i  ir.inslorm.ilioii  loiighenei 

In  I.nBO ,  sirlnl  solutions  w  nil  L.iBO  .  which  .iNo  h.iv e  v  .tiei  ile 
tvpe  structures,  another  tr.inslorm.ilion  oeiiirs  Irom  Inch  I  ,iH(> 
to  low  SmBO  (v pe  polv morphs  ‘  I  he  Inch  I ..iH( )  moditk.nioii 
IS  unquenchable  ,ind  the  ti.insloim.ilion  .ilso  exhibits  livsleioso  o| 
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The  Particie-Size  Effect  of  Dicalcium 
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Dicalcium  silicate  (Ca2Si04).  abbreviated  C2S,  undergoes  a  monoclinic  (P)-to- 
orthorhombic  (-y)  transformation  at  =490°C.  which  is  accompanied  by  a  1 2%  volume 
increase  and  a  4.6°  unit  cell  shape  change.  These  analogies  to  Zr02  make  C2S  a 
potential  transformation  toughener.  Previous  work  in  pure  or  doped  C2S  systems 
indicates  that  a  particle-size  effect  controls  the  p-to-y  transformation.  In  this  study, 
the  critical  size  effect  of  C2S  in  a  confining  calcium  zirconate  (CZ)  matrix  was 
investigated  as  a  function  of  high-temperature  annealing  and  time.  Dense  pellets  of 
CZ-30  vol%  C2S  were  hot-pressed  or  sintered  and  yielded  microstructures  of 
intergranular,  irregularly  shaped  C2S  particles.  SEM  and  TEM  grain  size  analyses 
and  p  twin  width  analyses  by  TEM  revealed  a  correlation  between  twin  width  and 
gram  size.  Results  suggested  that  the  critical  particle  size  may  be  determined  by  (1 ) 
overall  C2S  grain  size,  (2)  p  twin  thickness,  or  (3)  both  twin  thickness  and  twin 
length.  A  characteristic  "herringbone"  type  or  parallel  banded  twin  structure 
resulting  from  fast  quenching  through  the  a  —  transformation  is  believed  to 
modify  the  p  twin  length  and  width.  Further  investigation  of  cooling  kinetics  and 
processing  conditions  on  the  critical  size  effect  is  suggested. 


Dicalcium  silicate.  2  CaO 

•  Si02  (abbreviated 

C2S)  has  live 

polymorphs  at 

atmosphenc  pressure: 
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Like  unstabilized  Zr02,  CiS  undergoes  a  deleterious  volume  increase  during  the 
monoclimc  iP)-to-orthorhombic  (7)  iranst'ormaiion.  causing  "‘dusting"  or  frag¬ 
mentation  of  the  solid  body.  This  suggests  that  C:S  may  be  a  possible  transfor¬ 
mation  toughener  alternative  to  Zr02  ‘  Table  1  lists  comparable  properties  of  Zr02 
and  C2S,  On  cooling,  the  P-to-y  transformation  in  C2S  has  essentially  double  the 
volume  increa.se  ( =  1  Z'l »  and  half  the  unit  cell  shape  change  ( AP  =  4.6°)  of  Zr02. 

As  in  Zr02.  a  particle-size  effect  is  believed  to  control  the  p  — ►  7 
transformation. '  The  impetus  for  this  finding  came  from  the  fact  that  the  P 
phase  was  more  reactive  to  water  than  the  7  phase.  Hence,  in  cement  chemistry, 
stabilization  of  p  phase  was  desirable.  In  general,  experimental  studies  were  of  the 
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Table  I.  Comparison  of  the  Ca2Si04  p-to-'/  Transformation  with  the 
Tetragonal-to-Monoclinic  Transformation  of  ZrOj 


Compound 

ZrOj 

C32Si04 

Structure  change 

t-*  m 

m  0 

Transformation  temperature 

950°C 

490°C* 

Volume  change 

+  4.9% 

+ 1 1 .96%’ 

Coordination  number  change 

8—7 

(Cal)  7  1 

(Ca  II)  8  J  —  (Ca)6’ 

Unit  cell  shape  change  (AP) 

9° 

4.6° 

Chemical  stabilizers 

MgO 

CaO 

6303,  AI2O3 

Y2O3 

NajO,  BaO,  etc. 

Transformation  induced  by  grinding 

Yes 

Yes 

•  H.  Midgley  (1974)  (Ref.  2). 
t  Data  for  pure  CjS  (Refs.  2  and  3). 
t  K.  H.  Jost  (Ref.  4). 

§  Role  of  dopant  unknown,  possible  glass  formation  occurred;  KjO  found  concentrated 

in  intergranular  glass  phase  by  TEM-EDS  (Ref.  5). 

following  type.  Mixtures  of  pure  calcium  carbonate  or  caJcia,  and  silica  in  the  ratio 
2:1  were  made,  with  and  without  excess  CaO  or  SiOj  or  additives.  After 
calcination,  powders  or  dense  pellets  were  sintered  at  1450°  to  1550°C  for  one  to 
three  times,  and  cooled  or  quenched  to  room  temperature.  The  resulting  phase  was 
usually  y-CiS.  Specimens  were  examined  or  recompacted  and  annealed  at  various 
temperatures,  times,  and  quench  rates.  The  P-to-y  ratios  and  C2S  particle  size 
were  determined  by  X  rays,  optical  microscopy,  and  scanning  electron  microscopy 
(SEM)  with  electron  probe  microanalysis  (EPMA). 

Hence,  a  review  of  experimental  observations  and  conclusions  reported  in  the 
cement  literature^'*”''*  indicates  that  the  ratio  of  p-to-y  content  depends  on  the 
following  parameters; 

1 .  Particle  Size:  For  fixed  annealing  conditions  of  temperature,  time,  and 
a  slow  cooling  rate,  a  large  initial  7-C2S  particle  size  favored  the  formation  of  7 
phase.  However,  a  small  initial  7-C2S  size  stabilized  the  P  phase.  These 
observations  were  made  both  in  final  powders^-*  ’  or  dense  pellets. 

2.  Temperature:  Below  1425°C  (the  a  ♦-»  a'n  transformation  temperature), 
increasing  annealing  temperatures  produced  more  final  7  phase.’”'"*  Above 
1425°C,  accelerated  grain  growth  occurred. 

3.  Time:  Longer  annealing  times  produced  more  7-C2S,  but  this  effect  was 
secondary  to  temperature. 

4.  I^netics;  The  kinetics  of  cooling  through  the  a  «-»  a'n  transformation 
were  very  important.  Slow  cooling  through  1425°C  led  to  the  formation  of  7-C2S, 
while  fast  cooling  tended  to  retain  P-C2S  in  the  final  microstructure. 

An  inconsistency  was  noticed  in  the  previous  literature  in  the  values  and 
definition  of  critical  particle  size.  Particle  sizes  ranging  from  5  p-m’-*  or  7  p-m'^-'’ 
down  to  0.2  to  0.3  p.m'*'"  have  been  reported.  The  large  values  obtained  by 
optical  microscopy  and  SEM  referred  to  overall  C2S  particle  size,  whereas  the 
submicrometer  values  obtained  from  X  rays  and  SEM  referred  to  the  width  of 
transformed  7  needles  within  a  C2S  particle.  Microstrucmral  studies  of  the  a'j.  — • 
P  and  P  — »  7  transformation  by  TEM'*”'’  found  that  7-C:S  was  formed  by  growth 
of  needles  or  laths  whose  long  axes  were  parallel  to  [001],,  or  [OIOI3.'’ 

The  studies  referred  to  above  dealt  mainly  with  pure  or  doped  C2S  systems. 
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Recently,  CjS  particles  have  also  been  dispersed  in  a  calcium  zirconate  (CZ) 
matnx  in  an  attempt  to  demonstrate  transformation  toughening  by  C^S."*  The  aim 
of  our  research  was  to  investigate  and  define  more  precisely  the  critical  size  effect 
of  C:S  particles  confined  in  a  calcium  zirconate  matrix.  The  microstructures  of 
specimens  with  various  thermal  histories  are  characterized  by  XRD,  SEM.  TEM. 
and  TEM/EDS  techniques. 

Experimental  Procedure 
Specimen  Preparation 

Composites  of  30  vol%  C2S  in  a  calcium  zirconate  (CZ)  matrix  were  prepared 
from  .A.R.  grade  CaCO,.*  ZiO^,'  and  silicic  acid  (Si02  xH20)*  and  either 
hot-pressed  or  sintered.  For  hot-pressing,  the  raw  materials  were  attritor-milled  in 
isopropyl  alcohol,  calcined  at  1 100°C,  and  hot-pressed  at  1450°C  under  34.5  MPa 
(5000  psi)  pressure  for  10  minutes.  The  density  of  the  resulting  specimen  was 
measured  as  95.4%  of  theoretical  density  by  the  immersion  method.  The 
composites  were  polished  and  X-rayed  and  then  annealed  at  14(X)°C  for  10,  17, 
40,  80,  and  160  hours.  Some  specimens  were  also  heated  at  1450°C  (above  the 
a  H  OL  transformation)  for  five  hours,  and  then  either  slowly  cooled  to  room 
temperature  in  the  furnace,  or  fast  quenched  into  liquid  nitrogen.  The  purpose  was 
to  observe  the  effect  of  cooling  kinetics  through  01  ♦-»  a'f^  on  the  |3  — »•  'z 
transformation. 

For  sintered  specimens,  silicic  acid  was  first  calcined  at  1(X)0°C  before 
mixing  with  CaO  and  Zr02  in  an  attritor  mill.  The  raw  mix  was  dried,  cold 
isostatically  pressed,  and  sintered  at  1650®C  for  one  hour.  The  resulting  specimen 
was  88.0%  of  theoretical  density.  The  sintered  pellets  were  then  annealed  at 
15(X)°C  for  5.  10.  20.  and  40  hours,  followed  by  slow  cooling  at  5°C/min  to 
lOOO'^C.  and  then  furnace  cooled  to  room  temperature. 

X-Ray  Diftractometry 

A  standard  polishing  procedure  starting  from  600  grit  to  a  1  p,m  diamond 
paste  finish  was  routinely  applied  prior  to  X-ray  diffraction  (XRD)  examination, 
in  order  to  eliminate  any  possible  surface  transformation  or  relaxation  effects. 
Each  specimen  was  examined  by  XRD^  to  determine  its  polymorphism  before  and 
after  annealing.  The  relative  ratios  of  p/(p  7)  were  also  determined  by 
integrating  the  peak  areas  of  (130)  of  7-C2S  and  (103)  of  P-C2S. 

Microstructure  Characterization 

The  general  microstructure  was  studied  by  scanning  electron  microscopy 
(SE.M).*^  To  reveal  grain  size,  shape,  and  distribution,  polished  samples  were 
thermally  etched  at  I350‘’C  for  various  times.  Average  grain  sizes  of  both  C2S 
particles  and  the  CZ  matrix  were  analyzed  according  to  the  Jeffries-Saltykov 
method.'*'  Typically,  at  least  300  particles  were  measured  per  sample. 

Transmission  electron  microscopy  (TE.M)**  was  used  to  monitor  twin  widths 


( 


•S* 


“Baker  Chemical  C»)..  Phillipsburg.  NJ. 

*Z  S3  from  Fisher  Scieniific.  Fair  Lawn.  NJ 
MOO-mesh  powder  Irom  Mallinckrodi.  Pans,  KY. 

’Philips  XRG-31()0  diffractometer  equipped  with  a  computenzed  PVV17I0  controlling  unit.  Philips 
Electronic  Insirumems.  Inc..  Mount  Vernon.  NY. 

'DS-13()  SEM.  International  Scicniillc  Instruments.  Milpitas.  CA 
••M(xiei  -f30.  Philips  Electron  Instruments. 
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Fig.  1 .  Scanning  electron  micrograph  of  a  '/-Ca2Si04  fragment 
transformed  from  the  3  phase  and  shattered  into  needle  or  lath  shapes 
separated  by  parallel  cracks. 


and  grain-size  variation  of  3-C2S  particles  after  different  annealing  temperatures 
and  hold  times.  The  TEM  specimens  were  prepared  by  standard  ceramic 
polishing,  dimpling,  and  ion-milling  techniques. 

At  the  microscope,  the  average  twin  widths  were  obtained  by  tilting  3-C2S 
grains  until  twin  planes  were  parallel  to  the  incident  beam  direction.  The  twin 
width  was  defined  as  the  length  of  a  CiS  particle  in  the  direction  perpendicular  to 
the  twin  planes,  divided  by  the  number  of  twins  in  the  particle.  The  average  twin 
width  was  obtained  by  averaging  the  values  from  all  the  particles  analyzed. 
Typically.  30  to  50  particles  were  measured  per  sample. 

Results 

The  dusting  phenomenon  of  a  pure  C2S  pellet  sintered  at  1450°C  for 
90  minutes  and  air  quenched,  is  illustrated  in  Fig.  1 .  Typically,  the  y  phase 
appeared  as  parallel  needles  or  lath  shapes  bundled  within  a  fragment.  The  same 
effect  was  also  observed  in  a  CZ-30  voi%  C^S  sample  which  was  hot-pressed  at 
ISOO^C  under  34.5  MPa  (5000  psi)  for  30  minutes  and  found  to  be  shattered 
several  hours  after  removal  from  the  hot  press.  Similarly,  another  CZ-30  vol% 
CiS  mixture  sintered  at  1600°C  for  two  hours  underwent  some  3-to-7  transfor¬ 
mation  when  the  surface  was  ground  and  polished  (Fig.  2).  It  is  seen  that  extensive 
cracking  was  induced  in  the  adjacent  area. 

To  investigate  the  effect  of  various  parameters  on  the  CiS  particle  size  and 
hence  on  control  of  the  3'lo-7  transformation,  the  processing  conditions  were 
modified  as  described  earlier. 

X-Ray  Diffraction 

Figure  3  is  a  plot  of  integrated  X-ray  peak  intensity  ratios  of  y(130)/[7(130) 
3110-^)1  as  a  function  of  annealing  time.  It  is  evident  that  prolonged  annealing 
at  1400°  and  1500°C  did  not  increase  the  amount  of  y  present,  which  is  contrary 
to  what  was  observed  in  pure  C^S  systems. 

Scanning  Electron  Microscopy 

Figures  4ta)  and  5(u)  show  the  general  microstructure  of  hot-pressed  and 
sintered  samples.  C^S  particles  are  irregularly  shaped,  and  intergranularly  dis- 
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Fig.  2.  Scanning  electron  micrograph  of  a  CZ  matrix  containing  a  y-CzS 
particle  transformed  during  grinding  and  polishing.  Extensive 
microcracking  occurred  in  the  surrounding  areas. 
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Fig.  3.  Integrated  X-ray  peak  intensity  ratios  of  •y(130)/[7(130)  -h 
3(103)]  as  a  function  of  annealing  time  at  high  temperatures  for  both 
hot-pressed  (HP)  and  sintered  (S)  samples. 


persed  in  the  CZ  matrix.  A  certain  degree  of  agglomeration  was  also  observed  in 
both  specimens.  The  sintered  specimen  generally  had  a  coarser  CZ  grain  size. 
Prolonged  annealing  did  not  change  the  phase  distributions  in  both  types  of 
specimens  (Figs.  4(a),  (b),  and  5(a).  (b)). 

Grain-Size  Analysis 

The  sintering  process  generally  resulted  in  a  coarser  grain  size  than 
hot-pressing.  In  particular,  the  average  CZ  grain  size  of  sintered  samples  was 
about  an  order  of  magnitude  larger  than  that  of  hot-pressed  samples.  In  both  types 
of  samples  the  average  CZ  and  C^S  grain  sizes  showed  an  increase  on  annealing, 
reaching  an  almost  constant  value  in  a  short  time.  Longer  annealing  times  only 
slightly  increased  the  grain  sizes  (Figs.  6(a).  7(a),  The  final  CZ  and  CiS  grain 
sizes  in  hot-pressed  samples  were  about  twice  their  initial  sizes,  respectively, 
while  sintered  samples  grew  by  only  a  factor  of  1 .2.  It  was  interesting  to  note  that 
the  average  CZ  grain  size  of  hot-pressed  samples  was  slightly  smaller  than  the 
average  C;S  grain  size.  In  contrast,  in  sintered  samples,  average  CZ  grain  sizes 
were  three  times  larger  than  the  average  C^S  grain  sizes. 
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Fig.  4.  Scanning  electron  micrographs  of  (a)  typical  microstructure  of  a 
hot-pressed  specimen  before  annealing:  (b)  microstructure  of  the  same 
type  of  specimen  after  annealing  at  1400°C  for  160  hours. 


Fig.  5.  Scanning  electron  micrographs  of  (a)  typical  microstructure  of  an 
as-sintered  specimen:  (b)  microstructure  of  the  same  type  of  specimen 
after  annealing  at  1 500'’C  for  40  h  and  slow  cooling. 


Transmission  Electron  Microscopy 

Transmission  electron  microscopy  studies  confirmed  that  irregularly  shaped 
C:S  particles  were  intergranularly  dispersed  in  a  polycrystalline  CZ  matrix  (Fig. 
8).  6-C:S  particles  were  typically  twinned  on  the  ( 100)  monoclinic  plane. and 
some  agglomeration  was  also  observed.  Extensive  microcracking  was  noticed  at 
P-matrix  and  p-3  grain  boundaries  (Fig.  8).  A  transformed  y-CzS  crystal 
containing  numerous  dislocation  tangles  and  surrounded  by  a  microcrack  was 
found  (Fig.  9). 

Twin  width  analysis  of  hot-pressed  specimens  showed  an  average  value  of 
0.09  nm  for  unannealed  samples,  which  became  0.18  p,m  after  10  hours  at 
1400'"C.  Further  annealing  caused  a  slight  decrease  in  twin  width  (Fig.  6{b)). 
Similarly,  for  sintered  specimens,  the  initial  average  twin  width  of  0.11  pim 
increased  very  slightly  to  0.12  (xm  after  40  hours  at  I5(X)°C  (Fig.  1(h)).  The 
standard  deviation  of  the  twin  width  analysis  for  both  types  of  specimens  was 
large,  approximately  '()  to  509r.  Nevertheless,  it  is  interesting  to  note  that  the  twin 


150 


so  i- 


40  - 
3  0  ^ 

ax./ 
..c/ 
00  ^ 


10  ao  40 


[a) 


Fig.  6.  (a)  Plot  of  average  grain  sizes  (determined  from  SEM 
micrographs)  of  CaS  and  CZ  for  hot-pressed  samples  annealed  at 
1400°C,  as  a  function  of  annealing  time;  (b)  corresponding  plot  of  tw/in 
widths  (determined  from  TEM  micrographs)  of  p-CaS  as  a  function  of 
annealing  time. 
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Fig.  7.  (a)  Plot  of  average  grain  size  (determined  from  SEM 
micrographs)  of  CaS  and  CZ  for  sintered  samples  annealed  at  1 500°C, 
as  a  function  of  annealing  time,  (b)  Corresponding  plot  of  twin  widths 
(determined  from  TEM  micrographs)  of  p-CaS  as  a  function  of  annealing 
time. 


width  increases  of  2  and  1 . 1  observed  by  TEM  parallel  the  grain-size  increases  of 
2  and  1.2  observed  by  SEM,  in  hot-pressed  and  sintered  samples,  respectively. 

Effect  of  a  —  q'h  Cooling  Rate  on  Microstructure 

The  kinetics  of  cooling  through  the  a  — »  a'«  transformation  is  oencved  to 
have  a  strong  influence  on  the  P-to-y  transformation. The  SEM 
microstructural  differences  between  fast-quenched  and  slowly  cooled  samples  is 
illustrated  in  Fig.  10.  Irregular,  wrinkled  features  were  observed  in  C^S  particles 
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Fig.  9.  (a)  Transmission  electron  micrograph  of  a  confined  7-028 
particle  containing  numerous  dislocations:  (b)  the  corresponding 
single-crystal  SAD  pattern  in  the  [101]  orthorhombic  zone  axis  projection. 


of  fast-quenched  specimens,  which  were  ab.sent  in  slowly  cooled  specimens. 
Further  investigation  by  TEM  revealed  a  "herringbone'’  microstructure  of  internal 
twins  (Fig.  1 1  (a))  or  parallel  bands  (Fig.  1  !(<?))  in  rapidly  quenched  .specimens. 
These  are  similar  to  microstructures  seen  in  chemically  doped  C^S  samples. 

Discussion 

As  reviewed  earlier,  a  particle-size  effect  operates  in  controlling  the  occur¬ 
rence  of  the  p-to-7  transformation  in  C^S.  This  is  analogous  to  ZrO^-toughened 
systems.  However,  in  ZrO;  a  single-crystal  tetragonal  particle  transforms  a 
twinned  monoclinit  phase,  whereas  in  C;S  the  starting  3  particle  is  already 
twinned  before  iranstorming  to  7.  This  gives  rise  to  an  ambiguity  in  definition  of 
cntical  panicle  size.  Specifically,  a  critical  volume  of  particle  for  transformation 
could  be  derived  from  either;  ( I )  the  overall  particle  size.  (2)  the  twin  thickness. 


152 


Fig.  10.  Scanning  electron  micrograph  of  polished  specimens  of  (a)  a 
hot-pressed  sample  annealed  at  1450°C  for  5  h  and  slowly  cooled  at 
5°C/min  through  the  a  a'n  transformation:  [b)  a  hot-pressed  sample 
annealed  at  1450“C  for  5  h,  but  quenched  into  liquid  nitrogen. 
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Fig.  11.  (a)  Transmission  electron  micrograph  of  a  hot-pressed  sample 
annealed  for  5  h  at  MSO^C  and  rapidly  quenched  into  liquid  N2.  (a)  A 
“herringbone  ”  type  of  twinned  structure  was  usually  observed  in  p-CgS 
grains:  (b)  alternatively,  a  parallel  banded  structure  sometimes  crossed 
the  p  twins. 

or  (3)  both  twin  thickness  and  twin  length.  In  this  light,  it  should  be  noted  that  the 
P-C^S  twins  actually  formed  during  the  a’^  to  P  transformation  on  cooling  at 
675"’C.  which  is  far  below  the  annealing  temperatures  of  1400"  to  1500°C. 

Detailed  evaluations  of  TEM  micrographs  were  made  in  terms  of  twin 
thickness  (r)  and  particle  size  as  defined  by  the  lengths  (L  and  L'),  parallel  and 
perpendicular  to  the  twin  plane,  respectively.  In  both  hot-pressed  and  sintered 
samples  a  general  trend  of  increasing  twin  thickness  with  increasing  particle  size 
was  observed.  This  is  consistent  with  the  correlation  between  average  values  of 
particle  size  determined  by  SEM  and  twin  thickness.  However,  as  seen  in  Figs. 
6(a)  and  7(a).  the  absolute  values  of  twin  width  differ  between  hot-pressed  and 
sintered  samples. 

With  respect  to  (3)  above,  twin  lengths  may  akso  be  relevant  in  determining 
the  critical  particle  size.  Twin  lengths  were  shortened  by  cross  twins  in  the 


herringbone  pattern  (Fig.  11)  or  by  the  parallel  bands  (Fig.  12)  both  of  which 
resulted  from  fast  cooling  through  the  a  — ♦  a'^  transformation. 


Conclusion 

The  particle-size  effect  of  dicalcium  silicate  in  a  matrix  has  been  investigated. 
The  definition  of  the  critical  particle  size  of  the  3-to-7  transformation  may  depend 
on:  ( 1 )  the  overall  C2S  particle  size.  (2)  the  3  twin  thickness,  or  (3)  both  the  3  twin 
thickness  and  twin  length.  Microstructural  observations  by  SEM  and  TEM  suggest 
a  correlation  between  (P  and  (2).  Furtherrn''re.  fast  cooling  kinetics  through  the 
a  a'n  transformation  modify  the  3  microstructure  by  forming  a  herringbone 
pattern  of  twins  or  parallel  bands,  therebv  reducing  the  twin  length  (parameter 
(3)). 

The  CZ  matrix  constraint  retains  3'C2S  under  conditions  where  normally 
y-C^S  would  be  expected  in  single-phased  CiS  systems.  This  may  be  due  to  3-C2S 
particles  being  below  the  critical  particle  size  for  transformation.  Prolonged 
annealing  at  1400°  and  1500°C.  followed  by  slow  cooling,  essentially  (a)  did  not 
increase  the  y  content  and  (b)  did  not  change  the  C2S  distribution.  Microstructures 
containing  3'C2S  particles  of  the  critical  particle  size  may  be  developed  by 
optimizing  the  processing  conditions  used. 
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MICROSTRUCTURAL  CHARACTERIZATION  OF  LASER-MELTED/ROLLER- 
QUENCHED  DICALCIUM  SILICATE 

C.  J.  Chan,  K.  R.  Venkatachari,  W.  M.  Kriven  and  J.  F.  Young 

Department  of  Materials  Science  and  Engineering,  Ceramics  Division, 
University  of  Illinois  at  Urbana-Champaign,  Urbana,  IL  61801 


Dicalcium  silicate  (Ca2Si04)  is  a  major  component  of  Portland  cement. 

It  has  also  been  investigated  as  a  potential  transformation  toughener 
alternative  to  zirconia.^-3  It  has  five  polymorphs;  a,  o'h,  a'i..  P  srid  y. 

Of  interest  is  the  p-to-y  transformation  on  cooling  at  about  490°C.  This 
transformation,  accompanied  by  a  12%  volume  increase  and  a  4-.6°  unit 
cell  shape  change,  is  analogous  to  the  tetragonal-to-monoclinic 
transformation  in  zirconia^.  Due  to  the  processing  methods  used, 
previous  studies  into  the  particle  size  effect  were  limited  by  a  wide 
range  of  particle  size  distribution.  In  an  attempt  to  obtain  a  more 
uniform  size,  a  fast  quench  rate  involving  a  laser-melting/roller¬ 
quenching  technique  was  investigated. 

The  laser-melting/roller-quenching  experiment  used  precompacted  bars 
of  stoichiometric  y-Ca2Si04  powder,  which  were  synthesized  from  AR 
grade  CaC03  and  Si02-xH20.  The  raw  materials  were  mixed  by 
conventional  ceramic  processing  techniques,  ana  sintered  at  1450®C. 

The  dusted  y-Ca2Si04  powder  was  uniaxially  pressed  into  0.4  cm  x 
0.4  cm  X  4  cm  bars  under  34  MPa  and  cold  isostatically  pressed  under 
172  MPa.  The  'y-Ca2Si04  bars  were  melted  by  a  10  KW-CO2  laser.  A 
laboratory-built  twin  roller  quencher  with  titanium  rollers  was  placed 
about  15  cm  under  the  bar.  The  quench  rate  was  estimated  to  be  of  the 
order  of  lOT^C  secT 

The  as-quenched  flakes  had  a  thickness  of  about  60-70  pm.  X-ray 
diffraction  revealed  broad  peaks  corresponding  to  those  of  the  p  phase. 
SEM  observations  showed  only  surface  striations  from  the  rollers 
(Fig.  1).  By  TEM,  no  amorphous  phase  was  found.  The  Ca2Si04  tended  to 
form  elongated  grains  with  a  p  twinned  structure  (Fig.  2).  A  high 
density  of  dislocations  was  observed  inside  each  grain  together  with 
modulated  fringes  (periodicity  =  2  nm),  as  indicated  in  Fig.  3.  Upon 
annealing  at  650°C  for  1C  hours  and  furnace  cooling.  X-ray  diffraction 
showed  more  well-defined  p  phase  peaks.  The  dislocations  and 
modulated  fringes  were  not  apparent  after  annealing  (Fig.  4).  Grain  size 
analyses  of  the  TEM  microstructure  of  as-quenched  specimens  revealed 
a  narrow  size  distribution. 

This  work  indicates  that  it  was  impossible  to  obtain  Ca2Si04  in  an 
amorphous  form  even  with  the  fastest  quenching  rate.  However,  the 
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narrow  grain  size  distribution  and  preliminary  annealing  experiment  at 
650"’C  suggest  that  it  may  be  possible  to  study  the  critical  particle  size 
effect  in  Ca2Si04  by  a  combination  of  laser-melting/roller-quenching 
and  systematic  annealing  experiments. 
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FIG.  1.-SEM  micrograph  of  an  as-quenched  Ca2Si04  flake. 

FIG.  2.-TEM  BF  image  of  an  as-quenched  specimen  showing  elongated 
p-Ca2Si04  grains. 

FIG.  3. --Higher  magnification  of  the  as-quenched  Ca2Si04  showing  a  hig 
dislocation  density  and  the  modulated  fringes  m  each  twin. 

FIG.  4— TEM  BF  image  of  laser-melted/roller-quenched  Ca2Si04  after 
annealing  at  650'’C  for  10  hours. 
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Dic'ulcium  silicules  huiini;  C'aO  SiO^  molar  ratios  of  1.8  to 
2.2  ueri-  sintered  at  I450°C'  for  *>0  min  with  or  without  small 
quantities  of  d<ipants  (K.O  or  Al,.(),t  and  vtere  air  quenched. 
The  microstructures  of  the  fired  samples  were  charactcrixed 
Using  electron  microscopy  (SKM  and  TKM)  and  associated 
microanalytical  techniques.  There  was  no  evidence  for  the  ex¬ 
istence  of  C'a,  ,SiO.„  or  Ca.  ...SiOj  Amorphous  grain¬ 
houndary  phases  were  observed  between  grains  and  as 
inclusions  within  the  grains:  the  amounts  decreased  as 
Cat)  Sit);  ratios  increased.  The  compositions  of  the  amor¬ 
phous  phases  wen  always  rich  in  dopants  and  had  a 
C  at)  Sit);  ratio  close  to  that  of  wollastonitc.  High  levels  of 
\l;()<  were  obsersed  to  enter  Ihe  /J-C'a^SiOj  grains  under 
lime-rich  conditions  (Cat)  SiO.  =  2.2)  up  to  a  saturation 
level  of  about  3.(1  wt''i-.  Some  additional  crystalline  phases 
were  observed  to  form  depending  on  stoichiometry  and  dop¬ 
ant  level. 

I.  Introduction 

Dll  \i  I  |i  \|  sll  K  Ml  it'.i  Si();i  c.Mi  s'sist  in  five  polymorphic 
^|'■m-  >.  li.  u  .  i<H.  and  n  Onlv  (he  y  lorm  i'  viable  al 

rnoin  l^iiiper.iture.  (he  odiers  being  viable  at  inereasingly  higher 
leir.peratuivs  Ihe  inonuclinie  i/fi  •  orlhorhombie  lyi  polymor- 
phu  ir.iM'li'rmalion.  which  involve'  a  signilieanl  increase 
'  ■  12  '  I  III  '|icvilie  volume  aiui  .i  4  6  mill  cell  sh.ipe  change, 
tia^imes  Ihe  in.ileri.d  lo  .i  (me  powsler  This  (ranslornialion  has 
' haraels  1 1'lies  similar  (o  (hnse  ol  the  (elr.igonal  -•  monoelinie 
:ran't"mi.iii>in  in  /irvonia'  and  has  been  shown  lo  have  the  po 
lenlia'  Im  transform. itiuri  loughenmg  /TC.i  SiOj  is  .m  impor- 
l.ml  ,>miponenl  in  porll.md  eenient  .mil  re.iels  readily  with 
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water,  whereas  the  y-Ca.SiOj  is  essentially  unrcaeiive.  The 
li  polymorph  is  known  to  be  stabilized  by  the  presence  of 
various  ions.'  '  which  also  affect  its  reactivity  with  water  to 
some  degree. 

There  are  reports'  ''  that  Ca.SiOj  can  take  up  excess  lime  in 
solid  solution,  thereby  stabilizing  the  fi  form  and  increasing  its 
reactivity.  Up  to  6  wt'^7,  CaO  (corresponding  to  a  CaO/SiO;  mo¬ 
lar  ratio  of  2.2)  can  be  taken  up  with''  or  without''  other  dopants 
being  present.  On  the  other  hand,  excess  silica  (2.0  wt'f  of  SiOd 
has  been  reported  to  stabilize  the  y  form.'''  In  the  light  of  recently 
reported  complexities  in  the  microstructures  of  doped  dicalcium 
silicate  preparations.''  '  we  have  reexamined  these  claims  using 
K;0  and  AbOi  as  dopants.  Preliminary  results'"'''  indicated  that 
these  claims  could  not  be  substantiated.  It  was  found  that  the 
presence  of  amorphous  glassy  phases  and  additional  cry  stalline 
phases  accounted  for  the  apparent  departure  from  stoichiometry 
and  caused  a  variable  distribution  of  the  dopant  in  fired  samples 
Complete  details  are  reported  here. 

II.  Experimental  Procedure 

The  Ca>Si(f4  samples  under  study  were  prepared  from  reagent- 
grade  CaO.  K-CO>.  .'MtOHl..  and  hydrated  silica  iSiO- ■  vH-Ol, 
using  three  difteient  CaO  SiO;  molar  ratios  (1.8.  2.0.  and  2.2). 
to  which  different  amounts  of  K.O  or  .Al-O.  were  added  Dopant 
contents  were  0  2.  0..>.  1.0.  and  l  .'v  wt'i  for  K-O.  and  O.y.  I  .-v. 
2.,C  .4.0.  and  4  .“v  wt'f  for  .M-O,  The  CaO.  SiO.-  ratios  were  cal¬ 
culated  taking  into  account  the  dopant  substitutions  (assuming 
2K  replaced  Ca‘  and  .'M  replaced  Si'  l. 

The  raw  materials  were  wet  ground  and  homogenized  with  iso¬ 
propyl  alcohol  in  a  ball  mill,  followed  by  dry  ing  at  K'O  C.  dry 
milling,  calcining  al  loot)  C'  lor  v>()  niin.  sintering  al  1 4.-40  C 
lor  'to  min.  and  air  quenching  hach  fired  sample  was  routinelv 
examined  by  .\  ray  diffr.ictomciry  ’  i.XRDi  lo  determine  its 
polymorphism 

The  stabilized  C'a  .SiO,  samples  were  lurther  examined  using  .i 
number  ol  methods  l  leciron  probe  microan.ilysis  iTl’M.Ai  was 
employed  lo  estim.iie  Ihe  extent  ot  .iclual  dop.int  uptake  .md  the 
stoichiometry  ol  the  st.ibilized  C'.i  SiO,  grains  .md  to  .m.ilyze  anv 
second  phases  present  Detcrmm.ition  ol  tree  lime  by  ethylene 
glycol  extraction  w.is  made  lo  check  the  completeness  of  the  tir¬ 
ing  process  Sc.inning  electron  microscopy  (ST.Mi  was  used  to 
study  Ihe  overall  inicrosiruclure  ol  polished  .md  0  >' <  Nylal 
etched  bulk  specimens  Specimens  lor  SIM  and  T.PM.\  studies 
were  mounted  m  epoxy  and  polished  to  (I  2.S  i<m  using  standard 
melallographic  techniques 
I't 
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ruble  1.  l*ol>  morphism  of  Samples  as  Determined  b> 
\-ra\  Din'raelometrv 
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Table  II.  formation  of  Crystalline  Phases  on  Annealing* 

Anncjitiii:  t-  i  i  j 

,  ,  ^  Sdilip  c  annea  ed 

lcni|vraIuro  _ i _ 


14(X) 

W  -  (R)* 

(G) 

1  .UK) 

W  +  R 

VV  -c  (G) 

1 200 

W  -c  (R) 

G  ^  W 

1  1(K) 

W  +  (R) 

G  +  W' 

KMK) 

VV  *  (R) 

G  W 

•PhaNCN  listed  arc  in  addition  It'  ('a-SiO..  as  detected  h\  .\RD:  G  is  eehlenite 
tCa-.-\l..Si()  I:  \S’  Is  vtollastonile  lo-C'aSiOti:  and  R  is  rankinite  (C'a.Sl-O  1,  Sample 
in  which  C  aO  Sill.  -  I  K  and  doped  with  I  t)  wt'r  K.O,  .Sample  in  which 
(  at)  SiO^  -  I  S  and  dt'ped  with  d  .t  wt'i  ..\|.().  'Major  phase  is  gi\en  first.  poK - 
morphs  in  parentheses  are  present  onK  in  trace  amounts 


Transmission  electron  microscopy  (TtM)  was  undertaken  to 
study  the  mierostruciure  on  a  fine  scale  and  to  identify  phases 
crystallographieally.  Quantitative  analyses  using  energy  disper¬ 
sive  spectroscopy  (THM/EDS)  were  based  on  the  thin-film  ap¬ 
proximation  (TFA)  using  program  this,  version  2.3.  as  a 
comparison  with  the  EPMA  results.  Experimental  proptrriitinality 
constants  (K  ratios)  for  TEM  EDS  analyses  were  obtained  from 
natural  or  synthetic  standards,  a  synthetic  mullite  |2AI;0!  ■  SiO;l 
single  crystal**  for  Si  and  Al.  and  synthetic  wollastonite 
(CaO  -SiOd  for  Ca  and  Si.  The  thickness  was  kept  below  the 
TE.A  limit  b\  monitorine  the  beam  current  and  overall  count  rate. 


fig.  I.  SEM  micriigraphc  of  dicalciuni  ciliciile'  doped  wiih  2 A  wi' 
■\l  (),  (C  S  IS  far)  SiO  I 


rig.  2.  'ymorjihous  prain  houndan  phase  lebi  in  .i  silica-nch  s|X'cimen 
iCaO  SiO  1  hi  doped  with  2  3  ssiG  ,\|.().  i.Ai  flM  microjjr.iph 
(C'.S  IS  C’a  Sit),)  and  l/i)  I  DS  speclniin 
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Fij;.  .V  T!A1  HHcro;jraphs  nl' narrow -banded  siruelures  larrow-i  across  i  IKOi  twins  in  doped  linie-neh  speeinieiis 
iC  aO  SiO  =  2  2l  1.51  bands  lilled  with  second  phase  in  a  I  5-'sl'i -K  O-doped  specimen  and  i/<i  eniptc  hands  icracksi 
m  a  il-wi'i -AlO, -doped  specinien. 


l.ow  sienal-to-noise  ratios  tor  minor  elements  were  the  maior  dll- 
t’leuitc  and  source  of  error  durmi;  each  analcsis.  The  elTeet  of 
beam  heatme  on  specimen  eompiisition  was  also  cheeked  before 
each  set  of  analcses.  Specimens  lor  I'l-.M  were  prepared  b\  \ae- 
uum  impregnation  lollowed  b>  standard  meehameal  thinninj;. 
dimplme.  and  lon-millme  teehmc|ues,  '('he  lon-thmned  specimens 
were  then  coated  with  carbon 

III.  Results 

(li  X-ray  Diffraction 

l.ihle  1  presents  \-ra\  diffraction  data  as  a  tunetion  of  dopant 
content  and  shows  that,  m  the  absence  ol  dopant,  the  li  lorm 
could  not  be  stabilized  under  the  cooline  conditions  used  li 
(  .1  Si( );  became  the  ma|or  phase  w hen  I  (I  wt' i  K  ()  or  <i  5  w i' . 
\l  ()  was  added,  but  there  was  no  clear  indication  that  departure 
trom  stoichiometrc  int'luenced  the  poKmorphic  composition  in  .i 
svsiemalic  w,i\  It  is  mterestme  to  note  th.il  some  Al  ()  doped 
'.implc’s  'howcsl  del.iced  translorm.ition  SS  hen  the  C'aO  SiO  ra 
tio  was  I  S.  the  presence  ol  low  lime  eiwstallme  phases  was  de¬ 
lected.  conlirmine  then  lornialion  .is  predicted  trom  phase 
diaerams  f  pon  .innealine  al  \arious  lemperalures  below  the  lir- 
ine  lemper.tiure  tor  I  li.  incie.isine  c|u.inlities  ol  such  ph.ises  were 
obscrced.  .is  shown  m  I  able  II 

l2l  Electron  Microscopy  Ohservations 

i\)  (Icrcrai  \lii  iKit  Sl.ibili/ed  /I  C'.i  Si( ).  prepal'.i- 

lions  which  cont, lined  either  K  ()  or  Al  t)  .is  dop.inl  showed  mi 
crostruclures  tcpical  of  those  shown  in  l  ie  1  pram-bouiular> 
phase  w  ,1  s  prominent  in  all  silic.i  rich  preparations 
iC.iO  SiO  I  .Hi  .iiid  w.is  ,ilso  present  m  lime  rich  sample's 
iC.iO  ,Si()  2  2i.  allhoueh  \er\  much  reiliiced  m  volume  In 

dividual  ('a  .Si().  er.iiris  were,  tor  the  most  p.irt.  separateil  bv  this 
ph.ise  except  m  lime  rich  specimens  Selected  .ire.i  electron  dil 
traction  ot  mtereranulai  areas,  such  ,is  1  le  2,  showed  th.il  the 
L’rain  boundarv  phase  was  amorphous 

fhe  /i-('a  SiO,  prams  all  showed  the  cli.ir.ieteristic  iwmneil 
lamellar  structure  which  corresponded  to  Inslev  's  tvpe  II  classili 
cation  in  optical  microscopv  ol  die.ilciiim  sdic.ite  In  the  lime 
rich  specimens,  p.irallel  "mirrovv  hand  "  l.imell.ie  crossmp  twins 
were  trequenlly  observed  (l  ips  5(  5  i  .mil  (/lii  I  hese  were  sum 
lar  to  Inslev's  type  I  classification  '  fhere  vv.is,  however,  a 


marked  difference  m  the  narrow -banded  structure  between  K  -O- 
doped  and  .Al  -O. -doped  specimens.  In  the  hirmer.  the  bands  con¬ 
tained  the  amorphous  boundary  phase  (Fip,  .5|,5li.  whereas  this 
was  absent  in  the  latter  where  the  bands  appeared  to  be  parallel 
cracks  tl-jg.  Mti)). 

(Hi  I'oniuition  ol  Aildilioiial  Cr\  .lailtiic  IDuiscs:  Other 
eiysialline  phases  were  ooserved  lO  form  when  the  CaO  SiO;  ra¬ 
tio  deviated  from  stoichiometry.  Under  silica-rich  conditions 
it'aO  SiO-  -  I.X).  rankinite  (Ca.Si-O  i  was  detected  hy  .\RI) 
(  fable  li  and  I'U.M  (Fip,  4)  in  the  K-O-doped  system  when  the 
doping  level  was  1.5  wt'i.  In  the  .-AFOodopod  system,  gehlenite 
iC'a  Al-SiO-i  crystals  were  observed  by  both  \RI)  and  TFM 
when  the  iloping  level  w;is  equal  to  or  higher  than  .5  wtU'  .-Al-O. 
I  f  ig  5).  Both  rankinite  and  gehlenite  cry  stals  were  identifieil  by 
electron  vlilfractH'ii  ,ind  mieroanalv ses  i  fable  llli.  and  both  ap 
pearevi  to  be  crysialli/mg  Ironi  the  .imorphous  gram-boundarv 
phase  I  Figs,  4  .iiul  5 1,  .-Although  then  lorm.ition  was  consistent 
with  phase  diagrams,  the  chemical  composition  of  the  amorphous 
ph.ise  belore  cry st.illization  occurred  was  qtiite  close  to  that  ot 
vvoll.isionite  lUaSiO  )  I  pon  .mnealing  at  temperatures  below  the 
sintering  temperature,  wollastonite  cry stalli/ed.  presumablv  also 
trom  the  amorphous  phase  isee  (able  III.  For  lime-rieh  samples 
iCaO  SiO  -  2 .2 1  vv  ith  high  lev  els  of  .Al  •( ) ,  I  'A  0  wt'i  i,  trical- 
ciuni  aluminate  (C'a  .-Ai  d),  i  aiul  tric.ilcium  sihc.ite  (C'.i-SiO.l 
were  deteetevl  .ind  confirmevi  by  .\RI),  electron  vlillraction,  .ind 
niicroanalyses.  fricalcium  aluminate  crvst.iK  lormevi  .iround  the 
/i  C'.i  SiO,  gr.ims  il  ig  (ii.  1  his  may  h.ive  been  vine  to  the  low 
euleelic  tempei.ituie  (  15.55  U  trom  the  C'.iO  Al  t)  SiO- phase 

vliagraml  lor  the  composition  r.inge  studied  fhe  lorm.ition  ol 
(  .1  Aid),  aiul  th.il  ol  {'.1  SiO,  were  both  consistent  with  the 
phase  vli.igram.  .ilthough  the  .imounis  .ire  too  sm.ill  to  be  vieleeleil 
unequivoc.illy  by  XRI) 

iXl  QuantitatiYC  Microanalysis 

fhe  results  ol  I  F,\I  l-.DS  v|u.inlil.itiv e  .m.ilvses  ol  li  U.i  SiO, 
gi.ims  trom  K  d)  ilopevi  .iiul  Aid)  dopeil  specimens  .ire  shown  m 
Figs  7  .Iiul  X.  res|iecliv  ely .  .md  those  ol  the  .imorphous  ph.ises 
.Iiul  other  .idililion.il  cry si.ilhne  [ili.ises  m  f.ible  Ilf  In  flM.  null 
V  idii.il  gr.iiiis,  L’l.iin  bound.ii  les .  .md  olliei  crvsialline  phases 
cotiM  be  .maly/eil  with  higher  .iccur.icy  bec.iiise  ol  the  sm.iller 
probe  size  .iiul  leilucevi  electron  he.im  spreadme  in  thin  sections 
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Table  111.  TEM/EDS  Quantitative  Microanalyses  on  Amorphous  Grain  Boundaries  and  Additional  Crystalline  Phases 


FK'pant 

Initial  com 

Dopant 

content 

1 

Hisition 

IcaOl  +  1K;01  • 

Features 

anaKzed' 

Average  composition 

ICaOl  -I-  |K,0)  • 

ISiO-l  V  :i.M,0,| 

CaO 

SiO, 

K;0 

Al,0, 

|SiO,|  -1-  21A1,0,| 

K-O 

1.0 

1.8 

gb 

46.0 

50.9 

3.1 

1.01 

2.0 

eb 

39.2 

54.4 

6.4 

0.85 

*> 

NB  or  gb 

63,5 

33.4 

3.1 

2.10 

1.5 

1.8 

C,S-  cry.stals 

58.6 

40.8 

0.6 

1.56 

ab 

21,5 

70.0 

7.6 

0.41 

2.0 

gb 

31.1 

50.4 

17.0 

0.89 

Sib  or  gb 

59.1 

34.5 

4,9 

2.01 

Al-O, 

0.5 

2.0 

ab 

50.6 

.36.7 

12.8 

1.05 

1.5 

1.8 

gb 

47.2 

43,4 

9.4 

0.92 

2.3 

1.8 

eb 

47.3 

45.3 

7.5 

0,94 

2.0 

gb 

46.3 

37.9 

15.8 

0.88 

-)  “t 

CsA  CA’stals 

64.1 

6.3 

29.7 

3.33‘ 

C>S  crvstals 

72.2 

26.7 

1.1 

2.76 

3.0 

1,8 

C.AS  crv'stals 

43.8 

32.9 

23,3 

i.or 

eb 

43.3 

41.4 

15.3 

0.79 

2.0 

gb 

47.7 

3.9 

48.4 

0.84 

CiS  crvstals 

73.0 

25.7 

1.3 

2.87 

C  i.A  ('.’)  crvstals 

63.5 

19.6 

16.9 

3  37* 

4,5 

1.8 

C  -AS  crystals 

43.3 

26.5 

30.1 

1 .05* 

eb 

38.8 

45.1 

16.1 

0.66 

C  ,A  crvstals 

62.4 

4.7 

32.9 

3.08* 

C  -.A  crystals 

74.3 

24.5 

1,2 

3.08 

’l.quivalciKc  ot  jiotMK  ratio  iCa  *  M  .^K»  iSi  *  Ah.  tAhcrc  Ca.  K.  Si.  and  Al  are  concentrations  of  each  atomic  species  C,S;  is  CajSi^O-;  C;AS  is  Ca.AhSiO-;  C-.-A  is 
C'j  Sith,  NB  iN  phj'CN  present  in  namm -handed  structure,  ^h  is  ^rain  houndarx.  Values  based  on  repealed  analsses.  tspically  10  lor  each  specimen.  Standard  deviations  for 
CaO  and  SiO;  Miuior  elemenisi  are  appHuimaiels  tfor  Ca^-SiOj  grains),  for  K/)  and  .AhO;  (minor  elements),  ihe  deviations  are  verv  much  higher  because  of  ptH>r 

Nignal-t.'  iu'ise  ratu's  Krror  bars  arc  shown  in  Figs  7  and  M  'Value  of  (CaOl  ((.Al'O;]  ^  0.5|Si()J>  molar  ratio  is  equal  to  iCa)'(0.5(Si  +  ,A1))  atomic  ratio.  'Value  of 
iC’atJi  *i\l  ().l  •  [SiO  ]  1  molar  rath*  Is  equal  tt' (Ca)  tO  5AI  •  Si )  atomic  ratio. 


IV.  Discussion 

(!)  Effect  of  Excess  Silica  (CaO!  SiO;  =  l.S)  and  Dopant 
Additions 

■As  shov'.n  in  Tublo  I.  chnncinj.’  from  the  stoiehiometry 
iC'Lit)  SiO:  -  -  ''iliea-rieh  (CaO/SiO.  =  1.8)  did  not  sta¬ 
bilize  the  hieh-temperature  phase  at  room  temperature,  fi- 
Ca;.SiO;  was  stabilized  onh  when  appreciable  amounts  of 
dopants,  hieher  than  or  equal  to  1  wt'f  K;0  or  0..'^  wt'i  .Al-O-.. 
were  present  in  the  system,  bleetrcm  mieriiseopy  studies  showed 
that  estensise  ann'unts  of  amorphous  phase  were  associated  vsith 
some  additional  crystalline  phases  in  the  erain-boundary  reeion. 
I'HM  LDS  quantitative  analyses  further  indicated  that  the  major¬ 
ity  ot  the  dopant  was  located  m  Ihe  amorphous  cram -boundary 
phase.  The  dopant  levels  in  the  /i-Ca;SiOj  erains  were  much 
lower  than  those  reported  previously  '  and  were  close  to  the  lim 
Its  of  detection  for  the  i-.D.S  technique  Ihese  discrepancies  were 
believed  to  originate  from  the  natural  limitation  of  the  cxperimen 
tal  techniques  itP.M.A)  applied  by  previous  researchers,  as  shown 
in  r.ible  IV'  Ihe  formation  of  amorphous  and  crystalline  phases 
was  in  accordance  with  the  relevant  phase  diaer.ims  Ihe  .ipp.ir 
enl  deviations  arise  from  nielastability 

(2l  Effect  of  Excess  Calcia  (CaO  SiO;  =  2.2 1  and  Dopant 
.Additions 

b.arher  reports  coricermne  the  lonti.ition  ol  d  C.i  Si().  could 
not  be  substantiated  Ihe  lorni.ition  ol  C.i  SiO.  .iiul  la  .\1  (). 
was  observed  as  predicted  trom  the  ph.ise  di.iqi.im  Ihe  results  ol 
Ib.M  I'.DS  .inalyses  showeu  that  only  a  small  .imounl  ol  K  <)  was 
found  111  the  /M'a  SiO,  erams  Hence,  cheniic.il  stabilization  was 
less  likely  Ihe  Irequently  observed  n.irrow  b.mds  crossme  Ihe 
twins  are  believed  to  be  characteristic  ol  last  qiienchine  Ihroiiyh 
the  o  -  ((»  transtorm.itioir  '  and  may  he  responsible  (or  the 
st.ibilization  efiect  Similar  niicrostruclures  h..  e  also  been  ob¬ 
served  in  other  systems.  '  It  has  been  shown  th.il  the  hiph 
temperature  fi  phase  can  be  retained  by  hist  quenchme  ihrouph 
the  <1  —  (>„  traiistormation  in  pure  I'a  SiO^  preparation 
correlation  between  the  narrow -banded  structure  and  st.ihilizalion 
by  quenchinp  throuph  the  <>  >  oj,  transtormation  h.id  also  been 

suppesled 

-As  mentioned  previously,  a  difference  between  the  narrow- 


banded  structure  of  K;0-doped  and  ANOj-doped  systems  was 
observed.  A  second  phase  was  present  in  the  narrow-banded 
structure  of  K;0-dopcd  specimens  (Fig.  3(A)).  but  was  absent  in 
specimens  doped  with  Al-O,  (Fig.  3(B)).  Similar  bands,  partially 
filled  with  a  second  phase,  have  also  been  observed  in  BaO- 
doped  /3-Ca;Si04.'  It  is  hypothesized  that  the  narrow  bands  are 
cracks  caused  by  volume  changes  accompanying  the  a  — ►  «« 
transition,  which  can  be  subsequently  filled  by  a  liquid  phase 


Fig.  6.  Spcciincn  with  Cat)  Si{).  3  2  with  4  .S  wi'. 

.MO.,  chinvinc’  ThM  iiiicrojiraph  o'  a  ti.' .ilcuini  aluiiii 
Hale  iC  .A  o  C.i ,.M •()„l  al  ihe  bour.Uary  reeion  with  iiisen 
ol  the  corievpoiulinp  Irieakuini  .ihiniiiiate  seleeleil  are.i 
ihllr.iclion  p.illern.  1 100|  beam  direction 
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Kig.  7.  TKM  i;ns  quuntnalivo  mic-riianalysos  iil  /l-Ca  SiO^ 
k:rain>  in  K  O-dopcd  '-pccinicns 


Fig.  8.  TF.M  1-DS  quanlilulive  mjLTcianalysi;s  of /i-Ca;SiOj 
jiraini-  in  Al-O. -doped  specimens. 


prior  to  solidification.  This  effect  could  intlucncc  the  stabilization 
of  /i-Ca.SiOa.  .At  the  transformation  temperature,  this  volume 
change  is  estimated  to  be  -4.8';.’'  to  which  should  be  added 
thermal  contraction  as  the  sy  stem  is  cooled  into  the  /U-phase  Held. 

I3)  Stabilization  of  P-Ca,Si04 

The  present  results  show  that  studies  using  XRD  alone  can 


Fig.  9.  SFM  micrograph  of  a  specimen  with  Caff/Sit).  18  doped 
with  I  (I  wt'i  K  f)  showing  a  large  "agglomerate'  ol  /j-('a  SiO,  grain  ( III 
to  .SO  fcmi  consisting  of  several  smaller  grains  separated  hy  thin  grain 
boundaries  (II  1  to  (I  .S  ^mi 


lead  to  erroneous  conclusions  concerning  the  level  of  dopant  sub¬ 
stitution  in  /3-Cu;SiOj;  XRD  does  not  detect  the  presence  of 
dopant-rich  amorphous  phases.  The  low-level  dopant  substitu¬ 
tions  found  in  individual  /S-Ca.-SiOj  grains  suggest  that  chemical 
substitution  might  not  be  the  major  factor  for  stabilization  of 
the  /S-Ca.-SiOj.  Physical  parameters,  such  as  critical  panicle  size 
effect'’  or  additional  matrix  constraint  from  a  continuous  glassy 
phase, might  be  more  important  mechanisms.  Panial  crystal¬ 
lization  of  the  amorphous  phase  by  annealing  has  been  found  to 
promote  formation  of  ■y-Ca.-SiOj."'’  However,  in  calcia-rich  sys¬ 
tems.  appreciable  aluminum  substitution  was  observed;  therefore, 
chemical  stabilization  cannot  be  completely  ruled  out.  A  more 
detailed  study  needs  to  be  conducted  in  order  to  elucidate  the  op¬ 
erating  stabilization  mechanisms. 

V.  Conclusion 

Stabilization  of  jf-C'a-SiOa  by  excess  lime  in  the  absence  of 
dopants  could  not  be  attained  under  the  processing  conditions 
used.  The  existence  of  Ca,  .SiOi ,  and  Ca- -SiOj  ,  could  not  be 
confirmed.  Changes  in  bulk  stoichiometry  were  accommodated 
by  the  formation  of  an  amorphous  grain-boundary  phase  ami 
other  crystalline  phases. 

The  p-Ca  SiOj  grains  had  the  well-known  twinned  lamellar 
structure  and  their  stoichiometry  was  essentially  Ca()/Si().  - 
2  ()  A  0.1  l.ittle  dopant  was  observed  in  the  /i-Ca  SiO, 
grams  except  for  the  .M-Oi-doped  specimens  under  lime-rich 
conditions,  where  levels  of  AIT),  up  to  .TO  wl'l  were  detected 
rite  microstructurcs  developed  were  quite  complex  I'nder 
silica-rich  conditions  (CaO/.SiO.  -  1.8).  large  agglomerates 
of  Ca  SiOj  grains  were  surrounded  by  extensive  amorphous 
boundary  phases  which  also  separated  the  grains  Amorphous  in¬ 
clusions  were  observed  within  some  grains.  Under  lime-rich  con¬ 
ditions  (CaO/.SiO.  -  2  2).  less  amorphivtis  phases  were  present 
A  narrow-banded  structure  was  frequently  observed  within  p- 
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Table  IV. 

Comparison  betw-een  EPMA  and  TEM/EDS  Quantitative  Microanalysis* 

Dopant 

Initial  composition 

Dopant 

content 

IWt‘{  ) 

Mole  ratio 

CaO  SiO: 

Technique 

applied 

Features 

analyzed 

Average  composition  (wt'T)' 

CaO 

SiO; 

K;0 

AljO, 

K;0 

1.0 

1,8 

EPMA 

Grain 

63.3 

35,3 

0.7 

TEM/EDS 

Grain 

63.8 

35.8 

0.4 

K.O 

1.5 

->  1 

EPMA 

Grain 

64.4 

35.0 

1.2 

TEM/EDS 

Grain 

65.2 

33.7 

0.6 

K;0 

1.5 

1,8 

EPMA 

gb 

46.2 

49.4 

3.4 

TEM/EDS 

gb 

21.5 

70.0 

7.6 

Rankinite 

58.6 

40.8 

0.6 

.AbO, 

4.5 

1.8 

EPMA 

gb 

42.2 

40,0 

15.4 

TEM/EDS 

gb 

38.8 

45.1 

16.1 

Gehlenite 

43,3 

26.5 

30.1 

'Selected  datj  eb  is  amorphous  grain  hounJan :  rankinite  is  cr>sials  o!'  Ca,Si>0-:  and  gehleniie  is  crssials  of  Ca.AKO^.  'Values  based  on  repealed  analyses,  typically  10  for 
each  -^pcLinicn  Standard  dtn}aiK)ns  tor  C'aO  and  SiO.  (major  elemenl.s)  are  approximately  ±2^  (for  Ca.SiOj  grains);  for  K^O  and  AJ.O,  (minor  elements),  the  deviations  are 
^er\  much  higher  because  o!  pin^r  signal-lo-noise  ratios.  Error  bars  are  shown  in  Figs.  7  and  S. 


Ca-SiO;  grains,  bin  there  was  a  marked  difference  between  K;0- 
doped  and  .AbO, -doped  specimens.  In  the  former,  the  bands 
contained  a  second  phase,  whereas  this  was  absent  in  the  latter 
where  the  bands  appeared  to  be  parallel  cracks. 

Other  ersstalline  phases  were  observed  to  crystallize  under  sil- 
lea-rieh  conditions  from  the  amorphous  phase  when  the  dopant 
le\els  were  1.5  wt'f  K;0  or  s3.0  wt5'f  Al-Oi.  They  were  identi¬ 
fied  as  rankinite  iCaiSi.O-)  in  K:0-doped  systems  and  gehlenite 
(Ca;.-M;SiO  )  in  ,M;0;-doped  systems.  In  lime-rich  systems, 
Ca  .M.O,,  and  Ca^SiO.  also  formed  to  compensate  for  the  stoi¬ 
chiometric  change  in  .Al-O-.-doped  systems.  Rccrystallization  was 
consistent  with  the  relevant  phase  diagrams. 

The  study  suggests  that  the  role  of  solid-state  substitution  in 
stabilizing  Cu.-SiOj  needs  to  be  reexamined  and  that  physical  fac¬ 
tors  may  be  playing  a  more  influential  role. 
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